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Abstract 
 
The increasing requirements for high power and energy lithium ion batteries have led to the 
development of several classes of materials for the positive electrode. Some of those are the 
promising LiNixMnyCo1−x−yO2 (NMC) materials. 
 
In this context, the subject of this thesis is related to the extensive study of the electrochemical 
and structural properties of the pristine material NMC (3:1:1) (LiNi0.6Mn0.2Co0.2O2) and the 
three novel materials obtained either by mono-substitution of Co with Al or Fe: NMCA 
(LiNi0.6Mn0.2Co0.15Al0.05O2) and NMCF (LiNi0.6Mn0.2Co0.15Fe0.05O2) or by double substitution 
of Co with Al and Fe NMCAF (LiNi0.6Mn0.2Co0.15Al0.025 Fe0.025O2). 
 
As a first step, an optimization of the synthesis conditions was carried out using various 
methods (e.g. X-ray diffraction, scanning electron microscopy) in order to obtain 
homogeneous phases with well-ordered structures. 
Structural, morphological and electrochemical properties of the four materials were then 
investigated. A more detailed study was devoted to NMCAF which showed better 
electrochemical properties compared to the pristine and the mono-substituted materials. The 
aim was to understand the phenomena behind the improvement of the electrochemical 
behavior of the double substituted material. The safety aspect of NMCAF was also discussed 
through a detailed study of the thermal stability during the lithium ion de-intercalation 
process. 
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Kurzzusammenfassung 
 
Die steigenden Anforderungen an Lithium-Ionen-Batterien mit hoher spezifischer Leistung 
und Energie  haben zur Entwicklung von mehreren Klassen von Materialien für die positive 
Elektrode geführt. Darunter sind unter anderem  die vielversprechenden LiNixMnyCo1−x−yO2 
(NMC) Materialien.  
In diesem Zusammenhang ist das Thema dieser Arbeit  eine umfangreichen Studie der 
elektrochemischen und strukturellen Eigenschaften des ursprünglichen Materials NMC 
(3:1:1) (LiNi0.6Mn0.2Co0.2O2) und der drei neuen Materialien, die entweder durch Mono-
Substitution von Co mit Al oder Fe: NMCA (LiNi0.6Mn0.2Co0.15Al0.05O2) und NMCF 
(LiNi0.6Mn0.2Co0.15Fe0.05O2) oder durch doppelte Substitution von Co mit Al und Fe NMCAF 
(LiNi0.6Mn0.2Co0.15Al0.025 Fe0.025O2) hergestellt wurden. 
Im  ersten Schritt wurde eine Optimierung der Synthesebedingungen durchgeführt. Dazu 
wurden verschiedene Verfahren (z.B. Röntgenbeugung, Rasterelektronenmikroskopie) 
verwendet, um homogene Phasen mit gut geordneter Struktur zu erhalten. 
Im zweiten Schritt wurden Struktur, morphologische und elektrochemische Eigenschaften der 
vier Materialien  untersucht. Eine detailliertere Untersuchung wurde  NMCAF gewidmet. 
Dieses Material zeigte die besten elektrochemischen Eigenschaften im Vergleich zu den 
ursprünglichen und den mono-substituierten Materialien. Ziel ist eszu verstehen, was die 
Mechanismen  hinter der Verbesserung des elektrochemischen Verhaltens des 
doppelsubstituierten Materials sind.  
Schließlich wurde der Sicherheitsaspekt von NMCAF  auf Basis einer  detaillierten 
Untersuchung der thermischen Stabilität während der Lithium-Ionen-Deinterkalation 
diskutiert. 
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1. Abbreviations 
 
BET  Brunauer Emmett and Teller 
CV  Cyclic voltammetry 
DMC   Dimethyl carbonate  
DTA-TG  Differential thermal analysis coupled with thermogravimetry 
EC  Ethylene carbonate  
EDX   Energy dispersive X-ray 
EIS   Electrochemical impedance spectroscopy 
EMC   Ethyl methyl carbonate  
EPR Electron paramagnetic resonance  
EV  Electric Vehicle 
FWHM   Full width at half maximum 
GC  Galvanostatic cycling 
GITT   Galvanostatic intermittent titration technique 
HEV    Hybrid Electric Vehicle 
hfs   Hyperfine structure  
IL  Ionic liquid  
LIB   Lithium ion battery 
NMC   LiNixMnyCo1−x−yO2 
NMC (1:1:1)  LiNi1/3Mn1/3Co1/3O2 
NMC (3:1:1)  LiNi0.6Mn0.2Co0.2O2 
NMCA   LiNi0.6Mn0.2Co0.15Al0.05O2 
NMCAF   LiNi0.6Mn0.2Co0.15Al0.025 Fe0.025O2 
NMCF    LiNi0.6Mn0.2Co0.15Fe0.05O2 
NMP  N-methyl-2 pyrrolidone 
PC  Propylene carbonate  
PE  Polyethylene 
PEO   Poly(ethylene oxide)  
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PHEV   Plug-in Hybrid Electric Vehicle 
PMC Propyl methyl carbonate  
PP  Polypropylene 
PVDF    Poly(vinylidenefluoride)  
PYR1RTFSI       N-alkyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide  
SEI                    Solid Electrolyte Interphase 
SEM  Scanning electron microscopy 
SG  Space group 
SHE                  Standard hydrogen electrode   
VC   Vinylene carbonate 
XRD  X-ray diffraction 
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2. Symbols 
 
A Area 
Biso    Isotropic atomic displacement parameter 
C  Concentration  
Cdl  Double-layer capacitance 
C/n  Cycling rate 
dt Duration of current flow in the cell 
DLi+ Lithium diffusion coefficient 
EOCP    Cell potential at open circuit 
F  Faraday constant (96485 C/mol) 
H  Linewidth  
I  Current  
Ic  Current contribution from the surface pseudo-capacitive effect 
Id  Current contribution from the bulk lithium insertion process  
Ip  Peak discharge current  
M  Molar mass of the active material  
m  Active mass  
n  Number of electrons per molecule  
P            Power 
Q  Capacity 
R  Gas constant 8.314 J K−1 mol−1 
r  Ionic radius 
RB     Bragg factor 
Rct  Charge transfer resistance 
Re  Electrolyte resistance 
Rwp   Weighted profile factor 
R-3m                 Rhombus-like unit cell with one mirror plane and triple rotary reflections 
T  Absolute temperature 
Tc      Curie point 
U, V and W Caglioti coefficients  
 xiii 
 
VM  Molar volume   
W Energy 
x    Lithium composition 
Zw  Warburg impedance  
Δx Number of electrons inserted per mole of active material 
η    Form factor 
  Warburg factor 
τ   Pulse duration 
ѵ  Scan rate 
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I. Introduction and motivation 
 
Nowadays, given the extreme dependence on portable electronic devices as well as the 
increasing demand for electric cars, the development of new rechargeable energy storage 
systems has become increasingly important. 
 
Over the last decades, different electrochemical energy storage systems have been developed 
ranging from primary systems to rechargeable cells that have finally allowed a greater 
autonomy at reduced mass and volume. 
Among all the rechargeable systems, lithium ion batteries show higher energy density, 
stability and improved lifetime compared to lead acid, Ni-Cd and Ni-MH accumulators [1-4]. 
 
In the early 1970s, M. Stanley Whittingham suggested the first rechargeable batteries 
consisting of titanium disulfide as positive electrode and metallic lithium as negative 
electrode [5,6]. However, problems related to changes at the lithium electrode during cycling 
due to the consumption of the lithium as well as the formation of dendrites lead to severe 
safety issues. Thus, came the idea of developing lithium intercalation materials for both 
negative and positive electrodes. In 1980, Rachid Yazami was the first to discover the 
graphite-based lithium reversible intercalation material. This discovery has led to the lithium-
graphite anode used so far in the commercial lithium-ion batteries [7]. 
The first lithium ion battery using the positive electrode material LiCoO2 and the graphite 
based negative electrode was commercialized by Sony in 1991 [8] exhibiting operating 
voltages of up to 4 volts and fairly large energy density and specific energy values of the 
order of 200-300Wh/L and 100-130Wh/kg respectively [9]. 
This new rechargeable battery was at that time a turning point and a key factor for the 
development of portable electronic devices. Since then, active research has been conducted in 
a way to improve the performance of each battery component [9]. 
 
LiCoO2 as the positive electrode material was for a long time widely used [10-12] due to its 
high capacity and good cycling stability even at high rates [13]. However, the toxicity and the 
high costs of cobalt are considered disadvantages of this positive electrode material. 
Therefore, other lithium-containing transition metal oxides have been proposed to replace 
LiCoO2 such as spinel phase LiMn2O4, layered oxides LiNiO2, mixed layered oxides Li 
(NixMnyCo1-x-y) O2 called NMC and olivine phase LiFePO4.  
 
Among these materials, LiNiO2 seemed first to present good potential to replace LiCoO2 due 
to its lower cost and its great discharge capacity. However, studies on this lamellar oxide 
suggested an excess of Ni in the structure, more precisely in the interlayer space. This 
disorder results in a capacity fade and a decrease of the lithium diffusion coefficient [14]. 
 
For cost reasons as well as improved toxicity and thermal stability issues compared to nickel 
and cobalt oxides [15], the LiMn2O4 spinel phase was also considered as a good candidate to 
replace LiCoO2. However, the disproportionation reaction of Mn induces a rapid capacity 
loss. On the other hand, the structural instability of the compound in the intercalated state [16] 
limits the use of this system especially for electric and hybrid vehicles applications. 
 
Among the most studied compounds of the olivine group, LiFePO4 proves to be an attractive 
one given its low cost, low toxicity and especially its high thermal stability in the charged 
state even better than those obtained for the LiNiO2, LiCoO2 and LiMn2O4 cathode materials. 
[17]. 
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However, due to its low electronic and ionic conductivities [18], it was necessary to conduct 
more studies on LiFePO4 compound [19-22]. 
An established approach to obtain novel materials with improved reversible capacity and 
cycling stability, lower cost, less toxicity and better thermal stability is to combine the 
advantages of the three materials LiNiO2, LiCoO2 and LiMn2O4 and at the same time limit 
their drawbacks. This class of positive electrode materials called (LiNixMnyCo1−x−yO2 NMC 
type materials) is currently in the focus of research [23-35].   
Since Ohzuku’s early work on Li[Ni1/3Co1/3Mn1/3]O2 in 2001 [34] several studies have been 
conducted on NMC type materials. Contrary to LiCoO2, NMC shows a flexible stoichiometry 
which allows an adjustment of the electrochemical properties of the material. 
The most widely researched NMC composition LiNi1/3Mn1/3Co1/3O2 was seen as one of the 
most promising materials in this class [34]. However, more compositions exist, among which 
some have not been extensively investigated, including LiNi0.6Mn0.2Co0.2O2 that is currently in 
our focus. There has been interest in studying this composition because it represents a 
compromise between the good electrochemical performance due to the presence of a high 
amount of nickel, the increased thermal stability induced by manganese ions Mn
4+
 and the 
minimization of the cost and toxicity by decreasing the cobalt content. 
Nevertheless, it has been shown in a considerable number of studies that the exchange 
between Li and Ni ions within the NMC lattice plays a negative role for the structural stability 
and further deteriorates the electrochemical performance of layered oxides [36]. The physical 
reason for this phenomenon is related to similarity between the ionic radii of Li
+
 and Ni
2+
. 
The ionic radius of Li
+
 (0.76 Å) is close to that of Ni
2+
 (0.69 Å), hence a partial occupation of 
Ni
2+
 sites by Li
+
 (by exchange between a Li
+
 and a nearest neighbor Ni
2+
) induces a cation 
mixing in the structure, which hinders the efficient Li ion transport in the solid state [36]. 
Taking into account this problem, cationic substitution to a transition metal is considered, as 
for LiNiO2 and LiMn2O4 [37-57], a promising approach for the cathode materials of NMC 
type. Such an approach has been an effective strategy to adjust the electrochemical 
performance or the structural/thermal stability of the material due to the decrease of the cation 
mixing between Li and Ni ions in the NMC lattice. The changes in the cationic distribution 
within these transition metal oxides can have a noticeable impact on the reversible capacities 
and on lithium diffusion during the intercalation/deintercalation process.  
Many scientists worldwide have reported important theoretical studies on substituted NMC-
type materials to Al, Mg, Cr, Fe, Be, Ga etc. [58-64]. This idea has been applied in the current 
study through cationic substitution of Co with Al and/or Fe. This idea was investigated for 
several reasons. First, a simultaneous double substitution has led to a novel composition that 
has not been studied so far. Second, earlier studies about cationic substitution for other 
systems have been conducted and showed that metal substitution in layered materials 
generally brings an improved performance for a number of cathode compositions, but the 
effect of simultaneous cationic substitution has not been extensively approached. Third, the 
pristine cathode material LiNi0.6Mn0.2Co0.2O2, which already exhibits good electrochemical 
behavior, will be used as a promising compound for further substitution. For this, the main 
motivation in this thesis arises from the will to achieve a lower cost and environmentally 
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benign, less cobalt containing structure while retaining a high safety and electrochemical 
performance.  
The present work is divided into six chapters: 
First a bibliographical recall on lithium ion batteries including their components as well as 
their operating principle will be presented in chapter 2 followed by the different experimental 
techniques used to characterize the materials studied throughout this work (chapter 3). 
Chapter 4 concerns studies performed to optimize the synthesis conditions such as synthesis 
method, annealing temperatures, synthesis atmosphere etc ... This enabled the preparation of 
phases with well-ordered structures exhibiting improved electrochemical performance. 
The 5
th
 chapter is devoted to structural, morphological and electrochemical properties of four 
materials: the pristine material NMC (3:1:1), two aluminum or iron mono-substituted 
materials NMCA (LiNi0.6Mn0.2Co0.15Al0.05O2), NMCF (LiNi0.6Mn0.2Co0.15Fe0.05O2) 
respectively, and the double substituted material NMCAF (LiNi0.6Mn0.2Co0.15Al0.025 
Fe0.025O2).  
Finally, a more detailed comparison between NMC and NMCAF which presented the best 
properties will be compiled in the 6
th
 chapter in such a way that a better understanding of the 
phenomena behind the improvement of the electrochemical behavior of the double substituted 
cathode can be achieved. That chapter also discusses the safety aspect of the two materials 
through a detailed study of their thermal stability during the lithium ion de-intercalation 
process.  
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II. State of the art 
 
1. Industry of lithium ion batteries 
Lithium-ion batteries are power batteries used for energy storage in numerous electronic 
devices available on the market such as mobile phones, cameras and many others. Moreover, 
the demand for this kind of batteries in the automotive industry is expected to increase due to 
the growing demand for battery electric vehicles. The reason behind this constantly growing 
demand comes from the fact that they are capable of storing a significant amount of energy 
for relatively small volume and weight, in addition to the ongoing improvement of many of 
their technology aspects such as the cycling stability, energy density, safety, costs, and more. 
Then, in order to cover this huge demand of energy storage, it was crucial to take full 
advantage of lithium mines worldwide. Overall distinguished reserves of lithium in 2008 were 
evaluated by the US Geological Survey as 13 million tons [65]. However it is amazingly hard 
to precisely assess the world's lithium reserves [66]. 
Figure 1 represents the nations with the biggest mine production of lithium worldwide 
between 2010 and 2014. The top 3 producers according to the statistic are Australia, Chile and 
China respectively. However, Chile´s lithium mine production reached the highest amount in 
2012, about 13200 metric tons coming then at the lead position.  
 
 
Fig. 1: Major countries lithium mine production between 2010 and 2014 (in metric tons) [67] 
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The Chilean company SQM considered as one of the largest lithium producers in the world 
estimates that global demand for lithium has increased with an average of 7 to 8% per year 
during the last decade. About half of this growth was due to the increase in demand for 
lithium traditional uses in the fabrication of manufactured products and the other half would 
be attributable to manufacturing batteries, including lithium-ion battery used in cell phones 
and laptops [68]. The overall consumption of lithium used in the battery manufacturing has 
increased more than 20% annually over the past years as the demand for lithium-ion and 
lithium polymer batteries is growing strongly. Other lithium uses are also increasing but at a 
lower rate [68]. 
From the production side, China, Japan and South Korea account for nearly 85% to 90% of 
the global production worldwide among the major market players (figure 2). The Japanese 
giants Panasonic and AESC (Automotive Energy Supply Corporation) are the leaders. In 
addition to the Korean Samsung SDI and LG Chem, all are considered the major 
manufacturers of lithium-ion batteries worldwide. On the other hand, China has the highest 
concentration, with over 200 producers [69]. In Europe, the German company Li-Tec Battery 
GmbH which is a wholly owned Daimler subsidiary [70], contributed to a significant extent in 
the market in 2015 standing at around four percent. Until the end of 2015, the company 
developed, produced and sold under the brand name CERIO large-scale lithium-ion batteries 
for automotive applications and battery systems for industrial and stationary applications [71].  
 
 
Fig. 2: Global market share of lithium battery makers in 2015 [72] 
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Lithium-ion batteries have represented in 2011 a market of 1.5 billion dollars, which is 
expected to reach 9.8 billion dollars in 2015 and could even exceed 15.6 billion in 2020 (Fig. 
3). The consumer electronics market is taking up the majority of this growth (Fig. 4). 
 
 
Fig. 3: Projected global lithium battery market size from 2011 to 2020 [73] 
 
 
Fig. 4: Projected market for lithium-ion batteries used in consumer electronics from 2012 to 2020 (in 
million U.S. dollars) [74] 
1,5 
9,8 
15,6 
0
2
4
6
8
10
12
14
16
18
2011 2015* 2020*
M
a
rk
e
t 
v
a
lu
e
 i
n
 b
ill
io
n
 U
.S
. 
d
o
lla
rs
 
9.627 
10.878 
12.131 
13.169 
13.881 
14.282 
14.547 14.658 14.745 
0
2000
4000
6000
8000
10000
12000
14000
16000
2012 2013 2014 2015 2016 2017 2018 2019 2020
M
a
rk
e
t 
s
iz
e
 i
n
 m
ill
io
n
 U
.S
. 
d
o
lla
rs
 
II. State of the art 
8 
 
The statistic in figure 4 shows the consumer electronics lithium-ion battery business sector 
between 2012 and 2020. It was evaluated that this business sector will attain 13.2 million U.S. 
dollars by 2015. The utilization of lithium-ion batteries in consumer electronics, for example, 
cell phones, power tools and handsets is intended to expand as market for these products. 
Li-ion battery market for mobile phones has a bigger piece of the overall consumer 
electronics industry. The predominance of this section is a result of the high infiltration of low 
cost smartphones in developing countries. The mobile phones fragment is trailed by the 
laptops due to the continually growing interest from the education sector. Therefore, 
numerous organizations are contributing intensely to improve the quality of education and 
learning. For example, Intel has put more than 1 billion US dollars in 70 nations in the last 
decade to change the traditional education framework. For this, laptop manufacturers are 
expected to present new and propelled features that enhance the transportability and 
accessibility of laptops [75].    
Although lithium-based batteries are the most well-known propelled batteries for use in 
compact portable consumer electronics and battery electric vehicles, they were not the first 
choice for use in hybrid electric vehicles for quite a long while due to the high cost connected 
with this sort of battery contrasted with Ni-MH batteries. With the falling costs of lithium-
based batteries after 2005, auto makers started to utilize lithium batteries in hybrid electric 
vehicles expanding the market size fundamentally [76]. The statistic in figure 5 shows the 
evaluated car lithium-ion battery business sector between 2012 and 2020. It was expected that 
this business sector will reach about 4.4 million U.S. dollars by 2015. The business sector is 
marked by electric vehicle production growth. On the vehicle production side, it is expected 
to produce about 4 million electric and hybrid vehicles per year. Light vehicles represent more 
than 85% of the total market for lithium-ion batteries in 2015 [77]. 
The projection of lithium-ion batteries costs for electric vehicles in 2012 and 2016, by vehicle 
type is presented in figure 6. The difference in costs between EVs (Electric Vehicles) and 
PHEVs (Plug-in Hybrid Electric Vehicles) is mostly because a PHEV uses both an IC 
(Internal Combustion) engine and an electric motor for propulsion. Thereby, the utilization of 
twofold fuel system makes PHEVs costly. In 2012, lithium-ion batteries costed about 814 
U.S. dollars per kilowatt hour in PHEVs and about 633 U.S. dollars per kilowatt hour in EVs. 
The decrease in lithium-ion batteries costs will be intensely persuasive on the achievement of 
plug-in hybrid electric vehicles with lower costs. Furthermore, the diminishment in expenses 
of cobalt, metal, wiring, and plastic have brought down battery costs [78]. This can only be a 
fundamental and compelling reason for the battery market growth in both portable consumer 
electronics (fig. 4) and electric vehicles (fig. 5) sectors. 
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Fig. 5: Projected market for lithium-ion batteries used in automobiles from 2012 to 2020 (in million 
U.S. dollars) [79] 
 
Fig. 6: Typical cost of lithium ion batteries for electric vehicles in 2012 and 2016, by vehicle type (in 
U.S. dollars per kilowatt hour) [80] 
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2. Lithium ion battery components 
A lithium ion battery (LIB) consists of two electrodes, one positive (cathode) and one 
negative (anode) separated by an electrolyte impregnated in a separator. Both electrodes are 
connected to the external electric circuit through current collectors (Fig. 7). The term 
"battery" is itself reserved for systems consisting of several cells, connected in parallel or in 
series. 
 In this work, and as it is common, the term battery will be used to designate a cell. 
 
 
Fig. 7: Schematic representation of LIB components [81] 
 
The first LIBs consisted of graphite and LiCoO2 at the anode and cathode sides respectively. 
Their energy storage ability was more than double that of nickel or lead batteries for the same 
size and mass.  
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Nevertheless, the reversible intercalation of lithium ions is for the most part constrained by 
the modifications in the host material´s structure which influences the energy density. Thus, 
advancements will only be achieved by discovering through continuous advanced research 
novel electrode materials with improved performance in terms of cyclability, safety, energy 
density, power, price and environmental impact. Some of the cathode and anode materials that 
have been developed and tested since the establishment of the LIB technology more than 20 
years ago are reported in table 1. 
 
Table 1: Cathode and anode materials for lithium-ion batteries and their characteristics [82-84] 
 
Type 
 
 
Chemistry 
Specific 
Capacity in 
mAh/g 
(theoretical/ 
observed) 
 
Potential 
vs. 
Li+/Li 
 
 
Note 
 
 
 
 
Cathode 
 
LiCoO2  
LiNiO2  
LiNixCoyMnzO2  
LiNixCoyAlzO2 
LiMn2O4 
LiMn1.5Ni0.5O4  
LiFePO4  
LiMnPO4   
LiNiPO4  
LiCoPO4   
 
273/160 
274/180 
~270/150–180 
~250/180 
148/130 
146/130 
170/160 
171/80–150 
166/- 
166/60–130 
 
3.9 
3.6 
3.8 
3.7  
4.1 
4.7 
3.45 
4.1 
5.1 
4.8 
 
First cathode, expensive 
Cheaper than LiCoO2, unstable 
Cheap and stable 
Stable 
Unstable cycling 
High voltage, cheap 
Low voltage, safe, cheap, stable 
Slow kinetics, cheap, high voltage 
No suitable high voltage electrolyte 
Expensive 
 
 
 
 
 
Anode 
 
Graphite  
Li4Ti5O12  
TiO2 (anatase/rutile) 
SnO2  
Sn  
Si   
Al   
 
372/330 
175/170 
168/168 
782/780 
993/990 
4198/<3500 
2235 
 
 
0.1–0.2 
1.55 
1.85 
<0.5 
<0.5 
0.5–1 
<0.3 
 
LiC6, vol. change: ~11% 
High voltage, no vol. change 
Cheap, vol. change: ~4% 
Large initial irreversible loss 
Poor cycling, vol. change: 257% 
Poor cycling, vol. change: 297% 
Poor cycling, vol. change: 238% 
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2.1. Negative electrode materials 
This paragraph is committed to anode materials available on the market or being investigated 
in order to replace graphite, the most prominent material as commercial negative electrode. 
Candidates for the negative electrode material must meet the following criteria:  
 
 Good chemical stability towards electrolytes to prevent degradation of the electrolyte 
or of the material during cycling. Such degradation phenomena are leading to side 
reactions that affect the electrochemical performance of the battery; 
 High ionic and electronic conductivity; 
 Large amount of inserted lithium in order to achieve a maximum specific capacity; 
 Good electrochemical stability and reversibility of the insertion / extraction process. 
 
Contrary to cathode materials, the composition of anode materials for LIBs is more various 
and might involve transition metals, post-transition metals as well as nonmetallic elements 
using different stoichiometries.  
 
2.1.1. Metallic lithium  
The electrochemical couple Li
+
/Li has a low standard potential of -3.04 V vs. the standard 
hydrogen electrode (SHE). Another metallic lithium feature is its low molecular weight: 6.94 
g mol
-1
 which allows a considerable gain in terms of mass, energy, power and specific 
capacity (theoretical capacity of lithium is 3200 mAh.g
-1
).  
Nevertheless, the use of lithium as the negative electrode material was abandoned especially 
for safety reasons such as the thermodynamic instability of lithium in most electrolytes. Yet, 
its corrosion is stopped by the formation of a passivation layer on the surface called SEI 
(Solid Electrolyte Interphase) especially in solvents containing a carbonate group. A 
conceivable arrangement is the utilization of a less reactive with the lithium electrolyte, to be 
specific, a solid polymer electrolyte. However, solid electrolytes have shown so far limitations 
in their use due to their low ionic conductivities and hindered ion transport. 
Another safety issue that was highlighted is the formation of dendrites on the lithium 
electrode during cycling. The growth of these dendrites can cause their contact with the 
cathode leading to a short circuit of the battery which can induce explosion especially when 
unfavorable conditions related to the battery thermal stability are met. For all those reasons, 
the lifetime of the batteries using a lithium negative electrode is limited. 
 
2.1.2. Graphite 
To overcome the problems encountered in lithium metal batteries, replacing lithium by an 
insertion material is a standout amongst the most considered solutions. Carbonaceous 
materials have been proposed as negative electrode materials in the LIB commercialized by 
Sony in 1991 [85-88]. 
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Among the numerous types of carbon electrodes, graphite is the most prevalent material due 
to its low cost, safety, better cycling stability and its Nernst potential close to that of lithium 
[89]. It is used to insert in the vacant space between its sheets a large amount of lithium 
(theoretical capacity 372 mAh.g
-1
). The lithium storage mechanism into the carbonaceous 
material unequivocally relies on its morphology and structure. The intercalation of lithium 
ions into rhombohedral and hexagonal graphite takes place through the consecutive n-stages 
and the consequent expansion of the intersheet distance from 0.335 to 0.372 nm [90]. In the 
potential versus capacity plot, the staging phenomena are visible as plateaus. 
 
Similar to what is observed on the lithium anode, the electrolyte is reduced at the carbon 
electrode at its operating potential (approximately 0.2 V versus Li
+
/Li), resulting in the 
formation of a passivation layer (SEI). Part of the lithium electrolyte is then consumed 
permanently. This type of anode therefore has an irreversible capacity in the first cycle of the 
battery.  
 
2.1.3. Transition metal oxides 
Recently, various transition metal oxides of MO type (M = Co, Cu, Ni, Fe, etc.) have been 
investigated for use as a negative electrode [91,92]. These oxides are characterized by a very 
good cycling performance with specific capacities up to 600 mAh/g for tin oxide.  
 
It has been found that tin oxide is a potential candidate for use as a negative electrode for 
LIBs. This material delivers reversible capacity in the order of 500-600 mAh / g at an average 
potential of 0.5 V vs. Li+/Li. The reaction of tin oxide with lithium takes place mainly in two 
stages: firstly, there is a reduction of tin to the metallic state Sn0 and the formation of Li2O. 
The second step concerns the formation of an alloy between lithium and tin LixSn. The Li2O-
forming reaction is irreversible and only the second process is reversible. The more tin 
nanoparticles are well distributed in the matrix of Li2O, the more cycling stability of the 
electrode is improved. 
 
At the following charging process, the metal nanoparticles are reoxidized, that step is 
accompanied by the decomposition of the Li2O matrix. It is noteworthy that this new lithium 
storage mechanism is not limited to divalent oxides. Indeed, Co3O4 is a transition metal oxide 
storing lithium with the same cited mechanism. It has the highest specific capacity during the 
first discharge of about 1100 mAh g
-1
 vs Li
+
/Li. [93]. Fe2O3 [94,95] and Cu2O materials also 
exhibit high capacity values around 900 mAh g
-1
.  
 
 
2.1.4. Lithium alloys 
A new family of negative electrodes based on the materials forming alloys with lithium is 
likewise used. Such anodes are the subject of numerous investigations. 
Li alloys have several advantages as negative electrode such as being environmentally benign 
and presenting very high theoretical specific capacity values, up to 4200 mAh/g for silicon, 
much greater than that of graphite (372 mAh/g).  
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Many studies are also devoted to other alloys formed by lithium with elements such as 
aluminum [96], tin [97], or antimony [97] in addition to silicon [98]. They operate at 
potentials between 0.15 and 0.9 V vs. Li+/Li and deliver specific capacities between 300 and 
4000 mAh/g. However, these compounds exhibit a very poor performance in cycling during 
discharge especially when at hight depths of discharge. The volume expansion undergone by 
this class of materials during the alloying reaction with lithium can vary according to the 
working conditions, between 97% [99] and 238% [100] in the case of LiAl and even 260% 
[101] and 358% [102] for Li4,4Sn. Therefore, volume expansion is the major problem faced 
when using Li alloys as negative electrodes. It leads to high mechanical stress resulting in 
surface cracking and consequently a capacity fading after few cycles.
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Fig. 8: Comparison of the volume expansion during Li insertion in graphite and metal matrices [103] 
. 
 
In order to increase the structural stability of these electrodes and thus to improve the cycling 
performance, two solutions have been proposed: first, the use of nanoparticles [104]. 
However, this strategy has not effectively led to the development of metallic materials that 
provide good electrochemical cyclability since the nanoparticles are able to aggregate, 
forming dense and inactive blocks after ten cycles [105, 106]. Another proposed method to 
reduce the volume expansion of the electrodes during the lithiation / delithiation is the use of 
an electrochemically inactive matrix, such as Sn2Fe, SnFe3C, SiNi [103] and Si / SnSb [107] 
with a stable capacity of about 700-1000 mAh/g. 
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2.1.5. Titanium intercalation oxides  
Due mainly to their low manufacturing costs in addition to many more advantages, research 
on titanium mixed oxides (Li4Ti5O12 [108] Li2Ti3O7 [109] and LiTi2O4 [110], Table 2) as 
negative electrodes is experiencing considerable growth.  
  
Table 2: Advantages and drawbacks of titanium intercalation oxides 
 
Advantages 
 
 
Drawbacks 
 
- No hazard to the environment. 
 
- Higher operating potential than that of 
graphite (~ 1.5V vs Li
+
/Li). This prevents the 
formation of passivation layers. 
 
- good cycling performance even at high 
charge/discharge currents used mainly for 
power applications 
 
- Low polarization due to the ease of lithium 
ions intercalation process especially in the 3D 
spinel structure.  
 
- No structural changes through cycling, 
making it a stable material with low 
mechanical stresses 
 
 
- Weak theoretical specific capacities (175 
[111] 200 [112] and 335 [113] mAh/g for 
Li4Ti5O12, Li2Ti3O7 and TiO2 respectively) 
because of their higher molecular weights.  
 
- Low electronic conductivity [114]. 
 
 
Several researches have been done to improve the electrochemical performance of titanium 
based electrodes. Therefore, many approaches have been established such as nanostructuring 
of these materials or coating with a conductive material. This allowed obtaining materials 
with outstanding performance [115]. 
 
2.1.6. Tin based anode materials 
It is known that the lithium-tin binary system forms seven different phases: Li2Sn5, LiSn, 
Li7Sn3, Li5Sn2, Li13Sn5, Li7Sn2 and Li22Sn5. It seemed difficult to achieve the latter 
composition Li22Sn5 [116, 117]. Courtney et al. (1998) [118] calculated the total energies of 
the lithium tin phase diagram using mathematical simulation studies by the ab initio method 
"pseudopotential plane-wave method". From these results, they assessed the theoretical 
electrochemical voltage profile, which showed an excellent agreement with the experimental 
curve. The successive appearance of new phases has been confirmed by the voltage reduction 
and the obtaining of several plateaus allocated to numerous lithiated phases LixSn.  
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Various intermetallic compounds based on tin have also been studied as alternatives to the 
commercial negative electrode for lithium-ion batteries such as FeSn2 [119], Ni3Sn4, CoSn2 
[120] CoSn3 [121], Cu6Sn5 [122], CrSn2 [123] LaSn3 [124]. In general, these compounds 
showed a long-term increase in cycling stability. 
 
2.1.7. Nitrides and phosphides 
The investigation of new anodic materials has likewise been extended to nitrides and 
phosphides. The lithium reaction mechanism for this material family is mainly based on 
lithium insertion and conversion. 
 
2.1.7.1. Nitrides 
Another relatively new scientific orientation is the study of mixed nitrides with lithium and 
other metals. Their electroactivity was demonstrated for the first time by Nishijima et al. with 
Li3FeN2 [125] and Li7MnN4 [126] in 1994. The specific capacities of these materials reached 
150 and 250 mAh/g respectively.  
Nishijima et al. [127] and Shodai et al. [128] have then put their focus on mixed lithium metal 
nitrides Li3-xMxN type (M= Co, Cu, Ni). The most interesting material in terms of 
electrochemical performance is Li2.6Co0.4N. Indeed, the specific capacities delivered by this 
material are rather high ranging from 480 to 900 mAh/g [127,128]. When the metal used is 
copper or nickel, the specific capacities are lower (ca. 100 mAh/g) [128,129]. 
 
2.1.7.2. Phosphides 
In numerous phosphides, the lithium intercalation causes an adjustment of P bonds and 
considerable structural changes. 
Some of the transition metal phosphides are MnP4 [130] CoP3 [131] FeP2 [132], Li2CuP [133] 
and InP [134]. Their operating potential is around 0.7 V vs Li
+
/Li. For Li7TiP4 and Li9TiP4 
compounds, initial specific capacities are 971 mAh/g and 700 mAh/g respectively at C/20 rate 
[135]. 
Different mechanisms between lithium and phosphide have been established according to the 
studied phase.  
 
2.1.8. Vanadium mixed oxides 
Several studies have reported the good electrochemical behavior of mixed vanadium oxides. 
Vanadate compounds containing transition metals such as LixMVO4 (M = Ni, Co, Zn, Cd) 
[136] and presenting different structures, can intercalate reversibly between 5.6 and 7.2 Li 
atoms per formula unit giving a specific capacity of 600 mAh/g for M = Ni or Zn. Likewise, 
MVO4 (M = In, Cr, Al, Fe, Y), [137] M2V2O7 (M = Co, Ni, Zn, Cd) [138] and MV2O6+δ (M = 
Mn, Fe or Co) [139] materials have the advantage of reacting with a large number of lithium 
ions at low potential, which provides good specific capacities. Some of the most promising 
candidates within mixed vanadium oxides family are MnV2O6,96, InVO4, FeVO4 and 
LiNiVO4. 
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According to studies conducted on wide range of anode materials for LIB, a selection of 
promising materials could be envisaged. Among the most attractive materials, carbon is no 
doubt hard to be replaced. 
Concerning promising materials that are close to a real application or already in prototype or 
used in recent commercial products, silicon is probably the most attractive.  
 
2.2. Electrolytes 
The role of the electrolyte in a lithium battery is to ensure lithium ion transport between the 
negative and the positive electrodes.   
Some of the most important criteria to decide on the choice of any electrolyte are the safety, 
the cost and the environmental compatibility. Then, in order to improve the battery cycle life, 
the accurate formulation of the electrolyte is imperative [140]. 
Furthermore, the right candidate to be chosen as an electrolyte for a LIB must meet the 
following criteria:  
 
 High ionic conductivity to ensure a good ionic transport, conversely no electronic 
conductivity to limit self-discharge, 
 High chemical inertness towards the battery components and particularly the 
electrodes and separators, 
 Wide electrochemical stability in the used potential range to avoid decomposition of 
the electrolyte during the battery use, 
 Efficient passivation of the negative electrode surface 
 Large thermal stability window allowing the use of the battery at various temperatures. 
 
The electrochemical stability of the electrolyte is a key to its application in a lithium battery 
within a wide potential range since the negative electrode materials are strong reducing and 
those of the positive electrode are strong oxidizing agents.  
In the case of a liquid electrolyte, SEI layer formation has been demonstrated in particular for 
metallic lithium [141] and carbon based compounds [142]. The activation energies at the 
graphite interface reflect the energies for the lithium ion desolvation from the solvent 
molecule (Fig. 9).  
Once the SEI protective passivation layer formed, no further decomposition of the electrolyte 
is expected.  
 
 
 
Fig. 9: Schematic illustration of the SEI layer on graphite [143] 
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Among the most used electrolytes in Li-ion batteries, can be cited organic solvent based liquid 
electrolytes, polymer electrolytes and ionic liquids. 
 
2.2.1. Organic solvent based liquid electrolytes 
Nowadays, in most of the commercial LIBs, organic solvent based liquid electrolytes are 
used. These are for the most part composed of a lithium salt dissolved in one or more organic 
solvents. The most utilized organic solvents are carbonates, for instance ethylene carbonate 
(EC), dimethyl carbonate (DMC), propylene carbonate (PC), ethylmethyl carbonate (EMC) 
and methyl propyl carbonate (PMC). The commonly used lithium salt is LiPF6 since it offers 
advantages such as high conductivity in the organic solvents. Furthermore, LiPF6 is able to 
form a passivating layer at the aluminum positive electrode current collector, which is 
considered an efficient way to avoid the aluminum corrosion. However, the thermal instability 
of LiPF6 with delithiated layered transition metal oxides on the cathode side and lithiated 
graphite on the anode side in addition to the generation of hydrofluoric acid (HF) with water 
represent some of LiPF6 drawbacks. Hence, as currently there is still no lithium salt which 
shows better performance, the utilization of LiPF6 is a trade-off. 
Alternative salts have been discussed such as LiBF4, LiAsF6 or LiClO4. However, their 
explosivity, toxicity and low conductivity limit their use, which is why numerous studies have 
been carried out lately to find a good alternative to LiPF6 [144]. Some of these are lithium 
cheloatophosphates,[145,146] lithium fluoroalkyl phosphates, [147-149] lithium 
chelatoborates,[150-152] and lithium salts based on heterocyclic anions such as imidazolates 
[153] and imidazolides [154].  
One approach to enhance the performance of Li-ion battery systems, in terms of SEI layer 
formation, safety and flammability of the electrolyte systems, is the amendment of liquid 
electrolytes by using additives [155]. The most investigated is vinylene carbonate (VC) [156] 
[157-163], it has the advantages of reducing the irreversible capacity of graphite and 
improving the cycleability especially at high temperature [157,164,165]. 
 The SEI formation mechanism for VC consists of an electrochemically induced 
polymerization process based on VC reduction on the graphite electrode forming then a 
polymeric layer (Fig. 10). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10: Electrochemically induced polymerization of vinylene carbonate 
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2.2.2. Polymer electrolytes 
Subsequent to the initiation of poly(ethylene oxide) (PEO)–LiX electrolytes in 1979, great 
efforts have been devoted to enhance the mechanical properties as well as the low ionic 
conductivity of polymer electrolytes. For practical applications the conductivity should be at 
least 10
−3
 S·cm
−1
. 
The development of polymer electrolytes took three directions: solid polymer electrolytes, 
gelled polymer electrolytes, and plasma polymer electrolytes. 
 
 Solid polymer electrolytes like PEO-based systems consist of a polymer framework in 
which a lithium salt is dissolved and are used as a thin layer. However, the elevated 
degree of crystallinity of the formed PEO/salt complexes leads to a low conductivity at 
room temperature of the order of 10
−4 
S·cm
−1
 [166] caused by the limitation of ion 
mobility.  
  
 Gelled polymer electrolytes are composed of a solid polymer matrix that traps the 
conductive organic solvent based liquid electrolyte. They have both the characteristics 
of solids (cohesive properties) and liquids (diffusion properties) [167]. The most 
frequently used solid polymer matrices are poly(vinylidenefluoride) (PVDF) [168,169] 
and copolymerized PVDF with hexafluoropropylene (HFP) [170-176] in order to 
decrease the polymer crystallinity. For further reduction of the crystallinity and 
stabilization of the lithium interfacial properties, nano-sized fillers like BaTiO3 [170], 
Al2O3 [169,170], SiO2 [169,170,172] and TiO2 [171,173] might be added. Likewise, 
polymer blends consisting of PVDF or PVDF-HFP and a second polymer have been 
researched [177-179]. The conductivities of these systems vary between 0.98 and 4.36 
mS·cm
−1
 at 20°C [180],  
 
 The plasma polymer electrolytes were studied primarily by Ogumi et al. [181]. These 
polymers are often synthesized from a mixture of organosilicon compounds and 
lithium salts using plasma polymerization technique. An ionic conductivity of 10
-6
 - 
10
-5
 S cm
-1
 is obtained for the polymer 2- [2- (2-ethoxyethoxy) ethoxy] 
ethoxydimethylvinylsilane (EDVS) -LiCF3SO3 at room temperature [181]. 
 
2.2.3. Ionic liquids 
 Noteworthy interest has been shown in terms of using ionic liquids (ILs) as substitutes for the 
organic solvents utilized as LIB electrolytes. ILs have promising features including high 
conductivity, very low volatility, negligible flammability and outstanding electrochemical 
stability. ILs are salts or salts mixtures that are liquid at room temperature [182-184]. They 
consist mainly from an organic or inorganic anion and an organic cation (Fig. 11). 
Accordingly, IL based electrolytes are obtained by mixing an IL with the suitable lithium salt 
(LiX). The most broadly utilized IL electrolytes for LIBs are those based on N-alkyl-N-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR1RTFSI) salts [185].  
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+ 
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Fig. 11: Ions typically used for LIB ionic liquid electrolytes 
. 
 
Zheng et al. [186] investigated the electrochemical temperature reliance of LiCoO2 with a 
quaternary ammonium IL–LiTFSI electrolyte (with N1116TFSI).  
Cyclic voltammetry was used to study the Li
+
 extraction/insertion from the LiCoO2 cathode. 
The poor electrochemical performance was credited to the high viscosity and low wettability 
of the electrolyte with the active material at room temperature, which resulted in a 
considerable hysteresis for the Li
+
 extraction/insertion process 
 
2.3. Separators  
Separators are porous membranes set between positive and negative electrodes to allow the 
ionic flux between the electrodes while being good electronic insulators [187,189].  
Very little consideration has been given to separators even in publications surveying batteries 
[187-195]. The number of reviews on separators [196-206] is small in comparison with those 
on electrodes and electrolytes. 
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2.3.1. Separators and batteries 
Numerous properties are required for the separators utilized as a part of LIB. Some of the 
considerations that are imperative and impact the selection of the separator are the following:  
 
 Negligible electrolyte (ionic) resistance  
 Good electronic insulation 
 Considerable dimensional stability 
 Adequate mechanical strength to permit easy manipulation 
 Chemical resistance to degradation  
 Efficiency in hindering particle migration between the electrodes  
 Good wettability by electrolyte  
 Uniformity in properties, for instance thickness, resistance, etc...  
 
The typical properties such as thickness, Gurley number (air permeability), ionic resistivity, 
porosity and melt temperature of some commercial separators are reported in Table 3. Celgard 
2730 (used in the framework of this PhD work) and Celgard 2400 are respectively PE and PP 
single layer separators, while Celgard 2320 is a trilayer separator with a thickness of 20 μm.  
 
Table 3: Typical properties of some commercial separators [207] 
Separator/ Properties Celgard 2730 Celgard 2400 Celgard 2320 
Structure Single layer Single layer Trilayer 
Composition PE PP PP/PE/PP 
Thickness (µm) 20 25 20 
Gurley (s) 22 24 20 
Ionic resistivity (Ω.cm) a 2.23 2.55 1.36 
Porosity (%) 43 40 46 
Melt temperature (°C) 135 165 135/165 
 
a: 1 M of LiPF6 in (EC:EMC) solvent of 30:70 volume ratio. 
 
Celgard's separators are by far the most studied battery separators in literature in terms of 
physical and chemical properties [207] as well as their use as a part of LIBs [208, 209]. They 
have been characterized using different characterization techniques such as SEM, air 
permeability, mercury porosimetry, electrical resistivity analysis … [210-213].  
 
2.3.2. Separator requirements 
In LIBs, one crucial function of the separator is to block any electronic contact while allowing 
ionic transport between the electrodes.  
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The main requirements [214] for a LIB separator are the following:  
 Thickness— LIBs used as a part of portable electronic devices utilize thin 
microporous separators with a thickness less than 25 μm. Such thin separators help 
bringing down the resistance which increase both rate capability and capacity. For EV 
and HEV applications, thicker separators of about 40 μm are required, which brings 
higher mechanical strength.  
 
 Gurley — Air permeability and electrical resistivity are proportional. For a good 
electric performance, the separator ought to have small gurley values.  
 
 Porosity— Regularly, LIB separators have porosity in the order of 40%. The control 
of porosity is vital for battery separators.  
 
 Wettability— The separators must wet out rapidly and totally in battery electrolytes. 
The deficiency of wetting causes spots on the surface with high resistance.  
 
 Electrolyte absorption and retention— A separator has to be capable of absorbing and 
retaining the electrolyte to ensure a good ion transport.  
 
 Chemical stability— The separator ought to be stable inside the battery and stand the 
strong oxidizing and reducing conditions without degrading or reacting then producing 
impurities. The more prominent the oxidation resistance, the longer the separator will 
subsist in a battery.  
 
 Dimensional stability— The separator should not twist at the edges when unrolled as 
this can complicate the cell assembly. The separator ought to additionally not shrink 
when exposed to the electrolyte.  
 
 Pore measure— A key requirement of LIBs separators is that their pores be 
sufficiently small to avoid dendritic lithium infiltration through them. LIBs require 
membranes with submicron pore sizes 
 
All of the aforementioned properties must be optimized in order to qualify a membrane as 
separator for a LIB. Some of the most important requirements for a separator are reported in 
table 4.  
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Table 4: Main requirements for a LIB separator [215] 
Parameter Goal 
Thickness (µm)
[216,217]
 <25 
Gurley (s)
[218]
 ~25/mil 
Pore size (µm)
[219]
 <1 
Porosity (%) ~40 
Shrinkage (%)
[220]
 <5% 
High temperature melt integrity (°C) >150 
Wettability Complete wet out in typical battery 
electrolytes 
Chemical stability Good stability in battery for long period 
Dimensional stability Necessity of  keeping flat and stable in 
electrolytes 
 
2.4. Positive electrode materials 
With the aim of improving the electrochemical performance or to suggest new positive 
electrode materials with low cost and high intrinsic safety, numerous research work were 
carried out on the positive electrode in order to improve the properties of commercial LiCoO2 
positive electrode material or to find new material families capable of providing better 
performance than LiCoO2. 
The positive electrode materials that represent the source of lithium inside the battery must 
meet several criteria: 
 
 The materials must contain a readily reducible/oxidizable ion, 
 They must react with lithium reversibly and without any major structural change that 
can destroy its electrochemical performance, 
 They should react with lithium very rapidly to give high power, 
 They should ideally be good electronic and ionic conductors, 
 They should be chemically stable towards electrolytes throughout cycling, 
 They must be low cost and environmentally friendly. 
 
2.4.1. Lamellar transition metal oxides 
Lithiated transition metal oxides with a lamellar structure rapidly became potential candidates 
for the positive electrodes as they allow reversible lithium ion insertion at high potentials. 
Furthermore, they present a high electronic conductivity. For these characteristics, layered 
transition metal oxides have been used for several years.  
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The structure of these compounds is composed of a succession of lithium ions and transition 
metal (Co, Ni, Mn …) ions layers in an oxygenated environment (Fig. 12). 
 
 
Fig. 12: Schematic representation of LiMO2 cationic distribution [221] 
 
2.4.1.1. LiCoO2 
 
LiCoO2 is the most popular cathode material for commercial LIBs. However, this material has 
several drawbacks, for instance toxicity, high cost and the deterioration of its structure when 
more than half lithium ions are extracted at high potentials (greater than 4.5 V). The structural 
instability of LiCoO2 might create serious problems related to the battery safety. The use of 
this material is therefore providing limited reversible capacity values between 130 and 140 
mAh g
-1
 [222] while the theoretical capacity is 274 mAh g
-1
. 
The aging phenomenon of the LiCoO2 positive electrode can occur either from the material 
degradation at high voltages around 4.5 V, or because of the significant variations in the 
lattice parameters induced during the de-intercalation of high amounts of lithium [223] which 
can lead to micro-cracks at the particles [224]. 
 
 
2.4.1.2. LiNiO2 
 
To replace LiCoO2, various works were carried out on LiNiO2 thanks to its low toxicity and 
cost compared to LiCoO2. However, the systematic nickel over-stoichiometry induces the 
presence of divalent nickel ions in the lithium ions sites, therefore the decrease of the 
electrochemical properties of LiNiO2 [225, 226].  
MO6 Octahedra 
(M: Co, Ni, Mn…) 
Lithium ions 
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Besides, LiNiO2 suffers from thermal instability at the charged state (deintercalated). These 
inescapable drawbacks have discarded LiNiO2 [227, 228]. 
 
 Ideal structure 
 
LiNiO2 phase crystallizes in the trigonal system and belongs to α-NaFeO2 type structure. The 
space group is R-3m [229] in Hermann-Mauguin notation, meaning a rhombus-like unit cell 
with one mirror plane and triple rotary reflections. LiNiO2 structure can more simply be 
described from a face-centered cubic NaCl type formed by oxygen atoms. The slight 
difference in ionic radii between lithium and nickel ions (r (Li
+
) = 0.76 Å; r (Ni
2 +
) = 0.69 Å) 
causes ordering of these cations in the oxygen octahedral sites in [111] cubic direction. A 
rhombohedral lattice distortion is then induced (Fig. 13). 
 
 
 
Fig. 13: Schematic representation of the ideal LiNiO2 structure [230] 
. 
 
As the rhombohedral unit cell does not allow a simple description of the structure, the 
hexagonal cell is generally used instead. In the hexagonal cell, the lithium, nickel and oxygen 
ions occupy the sites 3b (0, 0, 1/2), 3a (0, 0, 0) and 6c (0, 0, zox.) of the R-3m space group 
respectively (Fig. 14). This structure is characterized by its lattice parameters ahex. and chex., 
characteristics of the intrasheet distance Ni-Ni and the interlayer distance (chex./3) [230]. 
 
Chex 
[111] cubic direction 
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Fig. 14: Schematic representation of an ideal LiNiO2 hexagonal lattice [230] 
. 
 
Due to its pronounced two-dimensional character, the structure can also be described as a 
stack of NiO2 sheets consisting of NiO6 octahedra with common edges. Lithium ions can 
occupy the octahedral sites between the sheets forming the interlayer space [231] (Fig. 15a). 
This structure is of O3 type, meaning that three sheets are required for describing the 
hexagonal lattice, and the lithium ions are located in octahedral sites. 
NiO2 sheets are characterized by strong Ni-O bonds, since they have a strong covalent 
character, which is why they form a rigid host structure. In contrast, Li-O bonds are weak as 
they have more ionic character and allow then the intercalation and de-intercalation of lithium 
ions without structural modification of the host network. This configuration and the 
anisotropic nature of the structure give this class of materials interesting properties and 
motivates their use as electrode materials for battery applications [232]. 
 
 Real structure 
 
Many studies have shown the difficulty of obtaining stoichiometric LiNiO2 [232]. In general, 
the Li/Ni ratio is less than 1 and the real formula of the lithium nickelate is Li1-zNi1+zO2 (z> 0) 
[233,234]. The 3b sites of the interlayer space are jointly occupied by lithium and excess 
nickel ions (Fig. 15b). This deviation from stoichiometry is mainly caused by the relative 
instability of Ni
3+
 ions compared to Ni
2+
 ions [235], resulting in a charge compensation of z 
Ni
2+
 on the lithium sites. The real cationic distribution is then: [Li1-ZNi
2+
z]3b [Ni
2+
zNi
3+
1-z]3aO2. 
 
 
Chex 
[111] cubic direction 
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Fig. 15: Schematic representation of cationic distribution in LiNiO2 in the case of an ideal structure (a) 
and a real structure (b) [230] 
. 
 
2.4.1.3. LiNixMnyCo1-x-yO2 
 
Research has later been oriented towards the substitution of nickel by cobalt and / or 
manganese to increase the structural and thermal stability of the positive electrode and 
therefore to produce a battery with a longer life span. Several papers have been devoted 
mainly to the study of the electrochemical properties of materials belonging to the 
LiNixMnyCo1-x-yO2 materials given their interesting properties. 
Indeed, several NMC phases have been studied as positive electrode materials such as 
LiNi0.1Mn0.1Co0.8O2 [236], LiNi0.3Mn0.3Co0.4O2 [237], LiNi0.4Mn0.4Co0.2O2 [238], 
LiNi0.5Mn0.3Co0.2O2 [239], LiNi0.7Mn0.2Co0.1O2 [240], LiNi0.6Mn0.1Co0.1O2 [241]. The 
motivation was to investigate the influence of the partial substitution of cobalt with 
manganese and nickel and consequently the determination of the material that has the best 
structural, morphological and electrochemical properties. 
In this thesis work, pristine LiNi0.6Mn0.2Co0.2O2 and Al and/or Fe substituted NMC(3:1:1) 
phases has been investigated.  
The structural and morphological properties of LiNi0.6Mn0.2Co0.2O2 synthesized by self-
combustion method will be presented as well as a detailed study of the optimization of the 
electrochemical properties of the prepared NMC phase (Ch. IV and Ch. V). 
 Since the electrochemical performance of cathode materials for rechargeable LIBs are 
strongly related to their crystalline structure and their structural changes during cycling, a 
(a) 
(b) 
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study of the material reaction mechanism during charge has been conducted to assess the 
structural stability of NMC(3:1:1) in the charged state. 
At high temperatures and in the charged state, the layered transition metal oxides decompose 
and release oxygen. This degassing can contribute to an increase in the internal pressure, 
which may lead in extreme cases to a thermal runaway [242]. For this purpose, study of the 
thermal stability in the charged state of the pristine and double-substituted NMC (3:1:1) 
materials was interesting to carry out (Ch. VI).  
 
2.4.2. Spinel transition metal oxides 
LiMn2O4 is an intensively studied material with a spinel type structure. The latter consists of 
manganese occupying the octahedral sites and lithium mainly filling the tetrahedral sites (Fig. 
16). The anionic network consists of oxygen octahedra, the paths for lithiation and delithiation 
form a three dimensional network. 
 
 
 
Fig. 16: Schematic representation of the atomic distribution of LiMn2O4 (a) and lithium diffusion 
pathways (b) [243] 
 
LiMn2O4 has been widely studied as a cathode for LIBs thanks to its low cost and toxicity. 
However, this material presents a high capacity loss during cycling. In fact, the main problem 
regarding the use of LiMn2O4 as commercial cathode material is related to the phase changes 
that can occur during cycling [244,245]. 
The substitution of manganese with other metals and in particular iron [246], cobalt [247-249] 
and chromium [250] allows a considerable stabilization of the structure during cycling and 
therefore a significant improvement of the electrochemical performance. The substitution of 
manganese by nickel resulting in the composition LiMn1.5Ni0.5O4 remains a widely studied 
phase in this material family [251, 252].  
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2.4.3. Olivines 
The phospho-olivine compounds combine several interesting properties that offer them a wide 
field of applications.  
LiFePO4 shows excellent structural stability in the charged state (FePO4) and low volume 
changes (Fig. 17). It is very safe and secure material in addition to its low cost and its specific 
energy which is comparable to that of LiCoO2. 
 
Fig. 17: Schematic representation of the atomic distribution of (a) LiFePO4 (b) and FePO4 [253,254] 
. 
LiFePO4 operating potential is located in the electrolytes electrochemical stability range, 
which allows avoiding any possible reaction with the electrolytes organic compounds. In 
addition, LiFePO4 does not release oxygen which is responsible for batteries explosions and 
fires.   
All of LiFePO4 material strengths (high reversible capacity, excellent cyclability, low cost, 
reduced environmental harm, high thermal stability, safety) motivate its use in commercial 
LIBs.  
Nevertheless, the low electronic conductivity of this material remains a major drawback. 
Decreasing the particle size of LiFePO4 is one approach that helped improving the contact 
between the particles and decreasing the average distance traveled by lithium [255-258]. The 
addition of a conductive agent is another approach that may improve its conductivity [259-
263].  
(b) (a) 
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In fact, more compositions belonging to the phosphor-olivine materials family exist and have 
been topics of numerous research works. The main properties for some of these materials are 
summarized in table 5. 
Table 5: Characteristics of some phospho-olivine cathode materials 
  
LiFePO4 [264] 
 
LiMnPO4 [265] 
 
LiCoPO4 [266] 
 
LiNiPO4 [267] 
 
 
 
Advantages 
 
- High thermal 
stability 
- Elevated 
theoretical 
capacity 
 
- High operating 
potential : 4.1V 
vs Li
+
/Li 
- High 
theoretical 
capacity 
 
 
- High potential 
~ 4.8V vs Li
+
/Li 
- High 
theoretical 
capacity 
- Low volume 
change of the 
lattice 
 
- Elevated redox 
potential: 5.1V 
vs Li
+
/Li 
- High 
theoretical 
capacity 
- Low volume 
change of the 
lattice 
 
 
Drawbacks 
 
- Low redox 
potential: 3.4V 
vs Li
+
/Li 
- Low electronic 
conductivity 
 
- High volume 
change during 
cycling 
- Low electronic 
conductivity 
 
- Low electronic 
conductivity 
 
- Low electronic 
conductivity 
 
 
2.5. Current collectors 
Great interest and effort have been dedicated to the development of novel and high 
performance cathode and anode materials as well as electrolyte [268-279]. In contrast, far less 
consideration has been given to the current collectors. 
Current collectors for LIBs are fabricated using metal foils. Most often copper foil is used for 
the negative electrode and aluminum foil is used for the positive electrode, the thickness of 
these sheets range from 10 to 50 micrometers [280]. During the LIB manufacturing process, 
anode and cathode active materials slurries are coated onto the appropriate metallic foils that 
serve as electrical conductors and mechanical supports [281]. 
Enhanced cyclability, energy and power densities of the Li ion batteries under operation 
conditions involve not only great performance electrode materials, but also good adhesion 
properties of the electrode composite at its current collector interface throughout the operation 
period.  
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Therefore, to preserve the mechanical durability of the electrodes and improve the adhesion 
properties of the current collectors, many approaches such as roll pressing, surface roughing 
and addition of binders are applied. Such mechanical improvements have demonstrated better 
electrochemical performance of batteries [282-284]. 
Moreover, commercial current collectors might not be 100% pure in terms of metal content. 
Impurities can lead to corrosion which can result in an increase of the battery´s internal 
resistance then to a capacity fade during cycling [285]. On the other hand, some metals, when 
they are in contact with the electrolyte, may passivate and develop an anti-corrosion ability 
such as the formation of a protective film [286-291]. 
 
3. Lithium ion battery operating principle 
The operating principle of a lithium-ion battery is based on the conversion of chemical energy 
into electrical energy through two redox reactions taking place at both negative and positive 
electrodes (Fig. 18) 
 
 
 
Fig. 18: Operating principle of a LIB [292] 
 
During charging, electron flow is imposed by the external circuit, and an equivalent molar 
amount of lithium ions is migrating through the electrolyte which should be ionically 
conductive and electronically insulating. This allows the insertion of lithium ions in the 
negative electrode and their reduction.  
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Reverse phenomena take place spontaneously during the discharge of the battery. The 
advantage of such a system is related to the possibility of storing electrical energy in chemical 
form during the charge, which can be restored at any time in electrical form during the 
discharge of the accumulator.  
In the case of cells used in the laboratory, the negative electrode consists of metallic lithium. 
Although the reversibility of the Li
+
/Li couple is poor in terms of long-term cycling, the fixed 
value of the Li
+
/Li couple potential during cycling allows observing directly the potential 
variation of the studied positive electrode material. 
 
The performance of a battery is quantified by several variables [293] including: 
 
Capacity (Q): The capacity of a battery is the amount of supplied electricity; it is given by the 
Faraday equation (2.1): 
𝑄 = ∫ 𝐼. 𝑑𝑡
𝑡
0
      (2.1) 
 
I (A): is the current passing through the battery,t (h) is the duration of current flow. 
 
The capacity unit is Ah, but it can also be expressed as a mass, surface or volume capacity. 
From the Faraday equation, it is possible to calculate the number of electrons per unit formula 
inserted into the host material (2.2). It is often equated to the number of Li
+
 ions inserted per 
mole of active material: 
 
𝑄 =  
𝐼.𝑡
𝑚
=  
Δ𝑥.𝐹
3600.M
  ↔  Δ𝑥 =
3600.𝑀.𝑄
𝐹
  (2.2) 
 
 
m (g) is the active mass of the host material, M (g / mol) is the molar mass of the active 
material, Δx: is the number of electrons inserted per mole of active material, F: is the Faraday 
constant (96485 C/mol) 
 
Energy (W): The energy of an electrochemical cell is given by the equation (2.3): 
 
𝑊 = ∫ 𝑈. 𝐼. 𝑑𝑡
𝑡
0
  (2.3) 
 
 
U (V) is the voltage, I (A): is the current passing through the cell, t (h) is the duration of 
current flow.  
The energy of the cell is expressed in Wh. 
 
Power (P): The power of a battery is defined as the delivered energy per unit time and is 
expressed by the equation (2.4): 
 
       𝑃 =
𝑊
𝑡
   (2.4) 
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Capacity retention: the number of times the battery is charged and discharged without losing 
more than half of its initial capacity. This variable is related to the reversibility of 
electrochemical processes and is very important from the applications point of view. 
 
Efficiency: it corresponds to the fraction of electrical energy stored in the Li-ion battery 
during charging which is recoverable during discharge. It can also refer to the percentage of 
electric charge stored in the battery during charging, which is recoverable during discharge, 
the used term in this case is the Coulomb efficiency. 
 
Cycling rate (C/n): this variable means that the theoretical capacity Qmax will be obtained by 
charging the battery for n hours. 
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III. Characterization methods 
 
In order to analyze the NMC cathode materials that were studied throughout this PhD work 
structurally, morphologically, electrochemically… several characterization techniques were 
used such as X-Ray diffraction, scanning electron microscopy, thermogravimetry coupled 
with differential thermal analysis, galvanostatic cycling, cyclic voltammetry… In the 
following chapter, a short overview on the experimental conditions of the utilized 
characterization methods will be presented. Thereafter, in chapters IV, V and VI, there will be 
only a discussion of the results without mentioning the experimental conditions. 
1. Structural characterization 
 
1.1. Characterization by X-ray diffraction (XRD) 
The X-ray diffraction characterization method can provide important information related to 
the structure, such as the purity of the phases, the crystallographic structures... The X-ray 
diffraction patterns were recorded by a Siemens D5000 diffractometer in reflection mode with 
Cu Ka radiation under the following conditions: (2θ between 10 ° and 80 °, steps of 0.02 ° 
with a rest time of 1 second per step. To accurately characterize the materials structure, it is 
necessary to perform a refinement of the diffraction data by the Rietveld method (Ch. III.1.2). 
The experimental diffraction patterns must then be of good quality. In this case, the rest time 
per step was set to 3 seconds instead of 1 s. 
 
1.2. Structural refinement by Rietveld method 
The structure of the different samples studied in the framework of this thesis was determined 
through XRD refinement by Rietveld refinement method using Fullprof software [294]. This 
method is based on the minimization of the difference between the observed and calculated 
intensities y = f (2θ), by a least squares approach. The refinement is performed in two steps: 
full pattern matching then Rietveld. 
 
1.2.1. Full pattern matching (or Le Bail method) 
The refined parameters are: 
 The continuous background estimated by a linear interpolation between points for 
which no peak contribution exists, 
 The lattice parameters, 
 The profile parameters of the diffraction lines: η0, X, U, V, W. The diffraction lines 
profile is described by a pseudo-Voigt function (3.1) which is a linear combination of 
Gaussian (G) and Lorentzian (L) functions:  
 
PV = ηL + (1-η) G (3.1)  
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The form factor η, which defines the form of the peaks between the Gaussian (η = 0) and 
Lorentzian (η = 1) limits, varies with the diffraction angle 2θ according to the equation (3.2): 
 
 η = η0 + X (2θ)  (3.2)  
 
where X takes into account the evolution of the form factor depending on the angle 2θ. The 
linewidth (H) varies with 2θ according to Caglioti formula (3.3): 
 
H² = Utan²θ + Vtanθ + W (3.3) 
 
 where U, V and W are the Caglioti coefficients. 
 
1.2.2. Rietveld method 
 For further refinement, we proceed by Rietveld method. The lattice and profile parameters 
are set initially to the obtained values in Full Pattern Matching. The structural model 
considered to describe all phases reported in this thesis is isotypic to that of α-NaFeO2 and 
described by the space group R-3m. Lithium ions mainly occupy the 3b crystallographic site 
(0, 0, ½), the transition metal ions the 3a site (0, 0, 0) and the oxygen ions the 6c sites (0, 0, 
z~0.25). The parameters successively refined are the scale factor, the ion occupancy in the 
different crystallographic sites and the isotropic atomic displacement factors (identical for 
ions occupying the same site). Finally, the lattice parameters and profile are again refined.  
 
In order to quantify the agreement between the experimental and calculated diffraction 
patterns for a given structural hypothesis, we use the Rwp (3.4) and RBragg (3.5) reliability 
factors: 
 
 The weighted profile factor:  
 
𝑅𝑤𝑝 = √
∑ 𝑤𝑖.[𝑦𝑖(𝑜𝑏𝑠)−𝑦𝑖(𝑐𝑎𝑙𝑐)]
2
𝑖
∑ 𝑤𝑖.𝑦𝑖(𝑜𝑏𝑠)
2
𝑖
  (3.4) 
 
 
yi (obs) is the observed intensity for a 2θi angle, yi (calc) is the calculated intensity for the 2θi 
angle, wi is the statistical weight of each intensity. 
 
 Bragg factor:  
 
        𝑅𝐵𝑟𝑎𝑔𝑔 =
∑ |𝐼𝑖(𝑜𝑏𝑠) −𝐼𝑖(𝑐𝑎𝑙𝑐)|𝑖
∑ 𝐼𝑖(𝑜𝑏𝑠) 𝑖
  (3.5) 
 
Ii is the integrated intensity of the i reflection. 
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RBragg is very sensitive to intensity variations of the diffraction line, thus to changes in the 
structural parameters. Direct observation of the difference curve between the experimental 
and calculated profiles provides an effective and quick way to judge the quality of the 
refinement. 
 
Note that the standard deviations, given in the refinement output file are calculated by 
considering that the counting statistics is the only source of error. Systematic errors caused by 
background noise or by the use of an inadequate model are not considered. Several methods 
to take into consideration the standard deviations exist, including one that involves their 
multiplication by Scor factor (if it is greater than 3) provided in the refinement resulting file 
[295]. 
 
1.3. Electron paramagnetic resonance 
Electron Paramagnetic Resonance (EPR) is a non-destructive technique that refers to the 
ability of some electrons to absorb and re-emit the energy of an electromagnetic radiation 
when placed in a magnetic field. Only unpaired electrons that are present eg, in radical 
chemical species and transition metal complexes, exhibit this property. 
 
As the majority of the stable chemical species are having pairs of paired electrons, this 
technique allows bringing out the chemical species having unpaired electrons. 
Furthermore, because of the importance of the magnetic moment of the electron spin, this 
technique is likewise very sensitive. 
The classical EPR parameters are the linewidth, the peak-to-peak amplitude and the g factor 
[296]. 
 
EPR spectra were recorded using a continuous wave Bruker X-band spectrometer ELEXYS 
E500 with a field modulation of the order of 100 kHz in the temperature range [77-295K]. For 
exact g-factor determination, a standard consisting of a hyperfine structure (hfs) line of the 
Cu
2+
(dtc)2 complex in benzene (noted by Cu
2+
L2) was utilized. The positions of the studied 
samples and the used Cu
2+
L2 standard in the resonator are independent. Recording takes place 
at room temperature. In all the experiments conducted in this work, Cu
2+
L2 hfs (m= - 1/2) has 
been utilized as reference line with an amplitude peak of g-factor equal to 2.025.  
 
2. Physico-chemical characterization 
 
2.1. Morphological characterization by scanning electron microscopy (SEM) 
The micrographs of the studied materials were recorded by a high-resolution scanning 
electron microscope (Hitachi S-4800 II). 
For the SEM the samples were fixed on a carbon adhesive disk and sputtered with an ultra-
thin gold layer (~10nm) to prevent any possible charge accumulation on the surface.  
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SEM images were taken on several positions of the powder with the same magnifications to 
improve the statistics. 
 
2.2. Specific surface measurement by Brunauer Emmett and Teller (BET) 
The specific surface area measurements were conducted by the Brunauer , Emmet and Teller 
(BET) method at the Indian institute of technology Delhi, using Gemini 2360 Surface Area 
Analyser.  
BET measurements consist of measuring the adsorbed nitrogen volume at the sample surface 
at liquid nitrogen temperature (77 K). The studied samples were dried at 120°C overnight 
under a nitrogen purge. During the measurement, the U-tube containing the sample is cooled 
in liquid nitrogen. Nitrogen molecules are adsorbed on the sample surface. Returning to room 
temperature, the gas molecules are desorbed. The BET theory assumes that the adsorbed gas 
molecules form, in dynamic equilibrium with nitrogen, a monolayer at the sample surface 
allowing then connecting the accessible surface of the sample to the volume of the adsorbed 
gas. The measured area is divided by the sample mass to obtain a specific surface value [297]. 
 
3. Thermal analysis by thermogravimetry coupled with differential thermal analysis 
(DTA-TG) 
Thermogravimetric analysis (TGA) is an analytical technique that involves measuring the 
mass change of a sample as a function of temperature. Such analysis requires good accuracy 
on three parameters: mass, temperature and temperature variation.   Thermogravimetric and 
differential thermal analysis were carried out simultaneously using Netzsch STA 409 device 
in the temperature range between 20 and 1020°C with a scan rate of 5°C/min 
The inert reference used is alumina Al2O3 and the amount of the sample taken for each 
measurement is 20 mg ± 1mg. 
 
4. Electrochemical characterization 
The prepared LIBs consist of metallic lithium as negative electrode, organic based liquid 
electrolyte composed of LiPF6 salt (1 mol/L) dissolved in a mixture of ethylene carbonate 
(EC) and dimethyl carbonate (DMC) in volume proportions (1: 1). The positive and negative 
electrodes are separated by Celgard polyethylene separator (Ch. II.2.3.1). The ideal slurry 
composition for the cathode material was proven in this work to be 75 wt. % active material, 
10 wt. % carbon black serving as conductive agent and 15 wt. % polyvinylidene fluoride 
(PVDF) in N-methyl-2 pyrrolidone (NMP) utilized as binder.  
The slurry is then coated on Al current collectors. An extensive study concerning the slurry 
composition was carried out by varying the weight percentage of each component then testing 
the morphology of the obtained coatings. This study was not reported in this work. 
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Cathodes are then cut to a size compatible for a standard CR2016 coin cell, dried at 120°C for 
12 h and weighed.  The coin cells were then assembled in a glove box under a dry and high 
purity argon atmosphere using MSK-110 Hydraulic Crimping Machine, MTI Co. 
 
The charge/discharge process was characterized galvanostatically over a potential range of 2.5 
to 4.4 V versus Li/Li
+
 for slow rates and from 2.8 to 4.6 V versus Li/Li
+
 for fast rates using a 
VMP BioLogic multichannel potentiostat/galvanostat . 
The battery cycling curve corresponds to the evolution of the positive electrode potential with 
time and will directly describe the electrochemical behavior of the positive electrode material.  
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IV. Optimization of the synthesis conditions 
 
1. IntroductionEven though NMC materials lead to batteries that deliver high 
voltages and very good energy densities, there is a high expectation that the properties of 
these materials can be adjusted in order to improve the structural stability as well as the 
performance. Two ways were selected throughout this PhD work: 
 Optimization of the synthesis conditions since the cycling behavior of NMC cathode 
materials significantly depends on the preparation conditions such as synthetic route 
and annealing conditions [298,299]. It was established that the annealing temperature 
and plateau of the as-prepared NMC materials influence strongly the material´s 
morphology including particle size as well as the electrochemical performance. 
 
 Cationic substitution to a transition metal. This can allow structural stability 
improvement and reduces the capacity loss during cycling.   
 
In the present chapter, the preparation by two synthesis methods and different annealing 
conditions of NMC cathode materials with the compositions LiNi0.6Mn0.2Co0.2O2 (NMC 
3:1:1) and LiNi1/3Mn1/3Co1/3O2 (NMC 1:1:1) and their characterization will be discussed. The 
aim is to demonstrate that the structural, morphological and electrochemical properties of the 
obtained materials can be fine-tuned via the preparation conditions such as annealing 
temperature and plateau, annealing atmosphere, time between synthesis and annealing and the 
effect of pre-annealing.  
In the following all potential values refer to Li
+
/Li if not otherwise stated. 
 
2. Synthesis methods 
 
2.1. Co-precipitation 
The NMC materials (NMC 3:1:1) and (NMC 1:1:1) were prepared using the co-precipitation 
synthesis method. The latter involves the co-precipitation of a mixed hydroxide in aqueous 
solution, using a method described by Caurant et al. [300].  
An aqueous solution (1 mol/L) of Ni(NO3)2.6H2O, Mn(NO3)2.xH2O and Co(NO3)2.6H2O, 
with the molar ratios (Ni : Mn : Co) = (0.6 : 0.2 : 0.2) and (Ni : Mn : Co) = (1/3 : 1/3 : 1/3) for 
(NMC 3:1:1) and (NMC 1:1:1) respectively, is added drop by drop using a burette in a basic 
solution (LiOH (1M) / NH4OH (3M)) under magnetic stirring. The initial ratio Li / (Ni + Co + 
Mn) is adjusted to 1 to prevent the formation of overlithiated phases Li1+x(Ni0.6Mn0.2Co0.2)1-
xO2 and Li1+x(Ni1/3Mn1/3Co1/3)1-xO2 [301]. 
 
A green precipitate with blue supernatant was formed immediately especially for NMC 
(3:1:1) (Fig. 19). It corresponds to the presence of nickel ions complexed with ammonia. On 
the other hand, the precipitate takes rather a brown color, characteristic of the oxidation in air 
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of Mn
2+
 to Mn
4+
 ions, for NMC (1:1:1) (Fig. 19), which must be due to the higher amount of 
manganese in this material composition. Solvents (water, ammonia) are then evaporated under 
vacuum at 80°C for 3 h by means of a rotary evaporator. Afterwards, the coprecipitate was 
dried for 12h at 105°C and pre-annealed at 500°C for 5 h in air. Prior to annealing, the pre-
annealed residue is milled mechanically using an agate mortar.  
 
   
 
Fig. 19: LiNi0.6Mn0.2Co0.2O2: NMC (3:1:1) and LiNi1/3Mn1/3Co1/3O2: NMC (1:1:1) precipitates 
during synthesis by co-precipitation 
 
2.2. Self-combustion 
The self-combustion method has been used for the synthesis of the two positive electrode 
materials NMC (3:1:1) and NMC (1:1:1). This synthetic route has several advantages: 
 it is a fast and inexpensive process, 
 it can be done with simple equipment, 
 it allows a good homogenization of the starting materials and therefore their excellent 
reactivity, which provides phases with high purity even by using moderate 
temperatures and short duration thermal treatments. 
Self-combustion synthesis method is widely used for the preparation of materials 
characterized by very good homogeneity and formed by small size particles. Several studies 
have shown that the materials prepared by self-combustion method present better properties 
than those synthesized by conventional methods [302-304]. 
The synthesis is carried out in aqueous phase according to the reaction equation (4.1): 
1.05 LiNO3 + x Ni(NO3)2 + y Mn(NO3)2 + 1-x-y Co(NO3)2 + 2/3 C12 H22O11 
 
Li Nix Mny Co1-x-y O2 + NOx + N2+ CO2 + H2O (4.1) 
 
The procedure consists of preparing aqueous solutions (1M) of LiNO3 (99 %, Alfa Aesar), 
Ni(NO3)2.6H2O (98 %, Alfa Aesar), Co(NO3)2.6H2O (98 %, Alfa Aesar) and Mn(NO3)2.xH2O 
NMC (3:1:1) NMC (1:1:1) 
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(99.98 %, Alfa Aesar). Lithium is used in excess in order to compensate its loss by 
evaporation during annealing and to limit the lithium deficiency in the prepared phase. 
Stoichiometric amounts of reactants are mixed under magnetic stirring with an aqueous 
solution of sucrose used as a combustion agent. The molar ratio of sucrose has been optimized 
through several works in the literature in order to avoid the possibility of explosion that might 
be due to an excess of sucrose in the solution [302-309]. The solution is heated in a sand bath 
at 120°C for 2 hours. This gives rise to a foamy mass after total evaporation of water. 
Combustion is triggered spontaneously and spreads over the entire surface 
The different steps of the self-combustion synthesis method are illustrated in figure 20. 
The obtained powder is grinded mechanically, by an agate mortar, before undergoing the heat 
treatment. 
 
 
Fig. 20: Steps of self-combustion synthesis method. From left to right, the first picture presents a 
crystallizer with the mixed solution of transition metal nitrates and sucrose heated by means of a sand 
bath, then in the second picture the solution becomes foamy after evaporation of water. The last 
picture presents the self-combustion product 
. 
3. Annealing plateau 
The annealing involves heating the samples to 900°C with a temperature rate equal to 
5°C/min, then maintaining that temperature (900°C) for 12 h and 24 h for the samples 
prepared by co-precipitation synthesis method and for 1 h, 12 h and 24 h for the samples 
synthesized by self-combustion method.The X-ray diffraction patterns of LiNi0.6Mn0.2Co0.2O2 
and LiNi1/3Mn1/3Co1/3O2 prepared by the two different synthesis methods and having 
undergone different heat treatments are shown in Figures 21 and 22. 
For all the phases, a structure α- NaFeO2 type is obtained according to the X-ray diffraction 
patterns. All the peaks can be indexed in the space group R-3m. 
The intensity ratio of the diffraction lines (003)/(104) is an important parameter to evaluate 
the cation distribution as well as the lattice crystallinity [310]. It was found that the increase 
of this ratio (>1) is related to the formation of a well ordered phase.  
 
Accordingly, in our case, the highest values for the (003)/(104) ratio were obtained for  the 
phase LiNi0.6Mn0.2Co0.2O2 prepared by self-combustion  and annealed at 900°C for 1h (table 
6) and for  the phase LiNi1/3Mn1/3Co1/3O2 prepared by co-precipitation method and annealed at 
900°C during 12h (table 7). 
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From the XRD analysis, it is then obvious that reduced annealing plateaus are generally ideal 
to achieve well-ordered crystalline phases. 
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Fig. 21: Comparison between X-ray diffraction patterns of the materials LiNi0.6Mn0.2Co0.2O2 (a) and 
LiNi1/3Mn1/3Co1/3O2 (b) synthesized by self-combustion method
a 
b 
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Table 6: Intensity ratios of the diffraction lines (003)/(104) for the phases prepared by self-combustion 
synthesis method 
             (003) / (104) 
Phases 
1h 12h 24h 
LiNi0.6Mn0.2Co0.2O2 1.10 0.96 1.01 
LiNi1/3Mn1/3Co1/3O2 1.06 0.99 0.97 
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Fig. 22: Comparison between X-ray diffraction patterns of the materials LiNi0.6Mn0.2Co0.2O2 (a) and 
LiNi1/3Mn1/3Co1/3O2 (b) synthesized by co-precipitation method 
a 
b 
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Table 7: Intensity ratio of the diffraction lines (003) / (104) for the phases prepared by co-precipitation 
synthesis method 
             (003) / (104) 
Phases 
12h 24h 
LiNi0.6Mn0.2Co0.2O2 0.91 0.97 
LiNi1/3Mn1/3Co1/3O2 1.14 1.03 
 
 
The particle size and morphology of the prepared phases were analyzed by SEM (Figs. 23 and 
24).  
For the two phases NMC (3:1:1) and NMC (1:1:1) prepared by self-combustion method, 
when increasing the annealing plateau, an evolution of the morphology from small and well 
defined to less defined particles is observed especially for the composition (3:1:1). Larger 
aggregates of primary particles are also observed for the longer annealing periods. 
In terms of the co-precipitation method, there is no remarkable dependence on annealing. The 
particles in this case are relatively well defined however with bigger size especially for the 
compound (3:1:1). 
It should be noted then that with the co-precipitation synthesis method, it is necessary for the 
phases to undergo longer annealing periods, unlike the combustion method that has shown the 
possibility to obtain crystalline phases with a morphology consisting of small particle size 
even at 1 h annealing plateau. This reduces energy consumption. 
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Fig. 23: SEM images of LiNi0.6Mn0.2Co0.2O2 annealed at 900°C/1h (a) 900°C/12h (b) 900°C/24h (c) and LiNi1/3Mn1/3Co1/3O2 
annealed at 900°C/1h (d) 900°C/12h (e) 900°C/24h (f)  prepared by self-combustion 
 
a b c 
d e f 
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Fig. 24: SEM images of LiNi0.6Mn0.2Co0.2O2 annealed at 900°C/12h (a) 900°C/24h (b) and LiNi1/3Mn1/3Co1/3O2  
annealed at 900°C/12h (c) 900°C/24h (d) prepared by co-precipitation 
 
a b 
d c 
IV. Optimization of the synthesis conditions 
49 
 
4. Annealing temperature 
In order to demonstrate how the annealing temperature affects the structural and morphological 
properties we studied by XRD and SEM three NMC materials with the composition (3:1:1) 
prepared by self-combustion method. They were annealed for 1 h at 700°C, 800°C and 900°C. 
As shown in the diffractograms (figure 25) the phases crystallize in the rhombohedral system 
and all diffraction peaks can be indexed in the α-NaFeO2 type structure (space group: R3¯m). 
Also, the shape of the diffraction lines as well as their narrowness especially for the third 
compound indicates good crystallinity and homogenous distribution of the cations in the 
structure. 
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Fig. 25: Comparison between X-ray diffraction patterns of the material LiNi0.6Mn0.2Co0.2O2 annealed at 
900°C, 800°C and 700°C during 1 h 
. 
The morphological characterization was conducted by SEM (figure 26). The sample annealed 
at 900°C consists of small aggregates of elementary particles with a size distribution in the 
range of 500-600 nm. While the two samples annealed at 700°C and 800°C respectively are 
characterized by aggregates of larger size in the order of 20 µm. The primary particles in this 
case are also in the micrometer range. The small size of the particles obtained by annealing at 
900°C allows a rapid diffusion of lithium ions and leads to a large amount of lithium ions 
exchanged. 
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Fig. 26: SEM images of the material LiNi0.6Mn0.2Co0.2O2 annealed at 700°C/1h (a) 800°C/1h (b) and 
900°C/1h (c) 
 
a 
b 
c 
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5. Annealing atmosphere 
In order to demonstrate the importance of the annealing atmosphere and assess how much air 
is needed to obtain NMC phases with crystalline structure, two NMC samples with the 
composition LiNi0.6Mn0.2Co0.2O2 prepared by self-combustion method were annealed during 
12 h in air and argon, respectively. Structural and morphological analyses for both compounds 
were carried out by means of XRD and SEM.  
 
From the XRD patterns (figure 27), it can be seen that the sample annealed under argon 
cannot be indexed in the space group R-3m as the most characteristic diffraction peaks of α-
NaFeO2 type structure are missing. Further analysis of the diffraction lines showed that the 
sample consists mainly of Li2CO3 that crystallizes in the monoclinic system and presents 
diffraction peaks in the 2θ region 21°-35°. Li2CO3 is in fact the result of reaction between 
lithium and carbon coming from sucrose used as fuel. In addition, diffraction peaks related to 
Ni, Co and Mn oxides are present.  
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Fig. 27: X-ray diffraction patterns of the NMC (3:1:1) positive electrode materials annealed under air 
(black) and under argon (orange) 
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SEM was performed to check the morphology and particle sizes of the two phases (figure 28). 
We notice an evolution of the morphology from individual particles for the sample annealed 
under air to more non-uniform and undefined shape particles with bigger size for the phase 
annealed under argon.  
 
Fig. 28: SEM images of the sample NMC (3:1:1) annealed for 12h under air (a) and the one annealed 
for 12h under argon (b) 
From the previous results, we were able to demonstrate the necessity of carrying out the 
annealing under air according to the reaction equation: 
 
 
  
 
 
 
 
 
6. Aging effect 
In order to better understand how the time between synthesis and annealing affects the 
structural and morphological properties, we studied by XRD two NMC (3:1:1) samples. The 
first was annealed immediately after synthesis and the second was aged 6 months before 
annealing in air atmosphere (figure 29). From the XRD patterns, all diffraction peaks for both 
phases can be indexed in the α-NaFeO2 type structure (space group: R3¯m). The shape and 
narrowness of the diffraction lines show a good crystallinity. However, for the aged sample, 
we notice the presence of peaks related to Li2CO3.  
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Fig. 29: X-ray diffraction patterns of the aged (red) and fresh NMC (3:1:1) positive electrode materials 
(black) 
 
In order to evaluate in detail the deviation of the NMC lattice parameters between the fresh and 
aged samples, the XRD diffractograms were further analyzed by Rietveld refinement method. 
A good minimization function was obtained even for the aged material (figure 30).  
Furthermore, the lattice parameter a, representing the metal–metal intra-sheet distance, slightly 
increased from 2.8608 Å for the fresh sample to 2.8660 Å for the aged sample. This can be 
attributed to the migration of some Ni
2+
 ions from the 3a sites to the interlayer 3b sites. 
This phenomenon was confirmed by the decrease of the lattice parameter c, representing the 
interlayer space thickness, from 14.167Å for the fresh sample to 14.188Å for the aged one. 
Such decrease is mainly due to the stronger electrostatic attraction between oxygen and 
Li
+
/Ni
2+
 ions in the interlayer space. Therefore, we can conclude that the occupancy of Ni
2+
 
ions on Li
+
 ions sites is higher for the aged sample. 
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Fig. 30: Rietveld profile refinement results of the aged NMC electrode material: __ observed, __ 
calculated, __ difference, I Bragg positions 
 
The morphological characterization was carried out by SEM (figure 31). For the fresh sample, 
the particles are smaller and their shapes are more defined while for the aged sample, the 
particle size increases and the shape is more fritted and less well-defined. Moreover, some 
fissures and cracks are present all over the particle surface of the aged sample.  
     
Fig. 31: SEM images of the fresh sample that was annealed immediately after synthesis (a) and the 
aged sample that was left in air for 6 months then was annealed (b) 
a b 
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The elemental analysis by EDX showed that the amount of oxygen is higher for the aged 
sample than for the fresh one (table 8). Likewise, the amounts of the carbon and nitrogen are 
much higher for the aged sample than for the fresh one. We can therefore understand that for 
an aged material, it is more difficult to extract oxygen, carbon and nitrogen oxides of the 
material through annealing. 
 
Table 8: EDX element analysis of the fresh and aged samples 
 
 
 
 
 
 
 
 
 
 
 
 
 
In order to investigate the influence of the time between synthesis and annealing on the 
material’s thermal properties, DTA-TG tests were performed (figure 32). The mass losses for 
both materials are mainly due to water, oxygen, carbon and nitrogen oxides release. The mass 
loss for the aged material is higher than for the fresh one. On the other hand, DTA curves show 
for both materials the presence of an exothermic peak related to the release of oxygen and 
carbon oxides, this peak is more pronounced for the aged material. This is probably due to the 
decomposition of Li2CO3 that is present in the case of aged NMC (3:1:1). 
DTA-TG results confirm the EDX results that showed a higher amount of oxygen, carbon and 
nitrogen still present in the aged sample even after annealing. On the other hand, DTA curves 
present an endothermic peak for both materials; it is indicating the temperature from which we 
obtain the crystallized phase. This peak is almost the same for both materials.  
Element Wt. % (fresh sample) Wt. % (aged sample) 
C 
N 
O 
Mn 
Co 
Ni 
4.4 ± 0.6 
1.0 ± 0.2 
27.8 ± 1.4 
13.5 ± 1.6 
13.7 ± 2.3 
39.8 ± 4.1 
7.9 ± 1.2 
7.4 ± 2.1 
31.6 ± 1.6 
11.5 ± 1.3 
10.2 ± 2.1 
31.3 ± 3.7 
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Fig. 32: DTA-TG curves of the aged sample that was left in air for 6 months then was annealed (a) and 
the fresh one that was annealed immediately after synthesis (b) DTA-TG tests were carried out 
simultaneously in the temperature range between 20 and 1020°C with a scan rate of 5°C/min 
 
a 
b 
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Cyclic voltammetry was performed for cells at room temperature with metallic lithium as 
counter and reference electrodes at a scan rate of 0.5 mV/s.  
For the fresh sample, the first cycle anodic peak is related to the extraction of Li ions from the 
lattice, it occurs at 4.20 V, and the main cathodic peak is at 3.68 V and is related to the 
insertion of Li. The positions of oxidation and reduction peaks are very stable from one cycle 
to another, which indicates good reversibility of the charge–discharge reaction. However, the 
relative peak-intensities and the area under the peaks decrease slightly with cycle number. 
This is due to capacity fading phenomenon.  
Regarding the aged sample, the cyclic voltammograms reported in figure 33 are showing a 
totally different behavior illustrated by the absence of cathodic and anodic peaks that 
correspond to the extraction and the insertion of lithium. This can be explained by a very low 
exchange of lithium ions caused by the high cation mixing in the aged sample´s structure. 
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Fig. 33: Cyclic voltamorgamms of the aged (a) and fresh (b) samples vs. Li/Li+ at a scan rate of 0.5 
mV/s. The fresh sample was annealed immediately after synthesis and the aged one was left in air for 
6 months then was annealed 
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The electrochemical performance of the two NMC (3:1:1) samples was evaluated by 
galvanostatic cycling at slow rate C/20 (figure 34). For the fresh material, the similarity 
between the charge-discharge curves indicates a good reversibility of the Li
+
 ion intercalation-
deintercalation process. The reversible capacity obtained during the first cycle is of the order of 
155 mAh g
-1
. For the aged material, a similarity between the charge-discharge curves is also 
observed during the ten first cycles except the first cycle´s charge curve which is irreversible. 
However, the reversible capacity in the case of aged NMC (3:1:1) is very low (about 25 mAh 
g
-1
). The differences in the particle size as well as morphology between the two samples can 
explain their electrochemical behavior. Indeed, the small size of the particles in the case of 
fresh NMC (3:1:1) sample allows a rapid diffusion of Li
+
 ions and lead to an intense exchange 
of lithium ions and therefore to a larger reversible capacity. On the other hand, the increase of 
Ni
2+
 ions in the interlayer space, for the aged sample, results in cation mixing which hinders 
the efficient Li-ion transport and reduces significantly the reversible capacity.  
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Fig. 34: Galvanostatic cycling at C/20 rate of the aged (a) and fresh (b) samples of the material 
LiNi0.6Mn0.2Co0.2O2
b 
a 
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V. Characterization of the novel cathodes obtained by cationic 
substitution  
 
1. Introduction 
As it was evident through state of the art on NMC type materials and through the previous 
chapter, the synthesis conditions can have a great influence on the electrochemical 
performance of NMC type cathode materials. 
According to the study that was conducted in chapter 3, we were able to fix for all of the 
following, the optimal conditions for the preparation of the investigated cathode materials 
throughout this work. Thereby, the phases were prepared by self-combustion synthesis 
method. They were annealed directly after synthesis in air at 900°C for one hour. The main 
phase was the nickel rich one with the composition (3: 1: 1) 
In the following chapter, we chose to examine the influence of the cobalt substitution by 
aluminum and / or iron in an attempt to further optimize the starting material NMC (3:1:1). In 
the following, these materials are shortly called NMCA (LiNi0.6Mn0.2Co0.15Al0.05O2), NMCF 
(LiNi0.6Mn0.2Co0.15Fe0.05O2) and NMCAF (LiNi0.6Mn0.2Co0.15Al0.025 Fe0.025O2). 
 
2. Structural characterization 
 
2.1. by XRD 
X-ray diffraction diagrams of the four materials (fig. 35)show that all diffraction peaks can be 
indexed in the R-3m space group. According to the XRD data, the phase α-NaFeO2 type was 
obtained systematically pure for all of the aforementioned materials. Analysis of the 
continuous background has not detected any presence of the impurity Li2CO3. 
The full width at half maximum (FWHM) values of the reflections (003) and (104) are 
reported in table 9. The smallest values of the FWHM of the reflections (003) and (104) were 
obtained for the double substituted phase NMCAF and they are respectively equal to 0.32° 
and 0.36°. This indicates better crystallinity obtained for the NMCAF material and suggests a 
homogeneous distribution of the cations in the structure. The FWHM of the (003) and (104) 
peaks are gradually increasing when moving from NMCF to NMCA and finally NMC.  The 
latter presented the highest values:  0.43 for FWHM(003) and 0.42 for FWHM(104).  
 
In contrast, the intensity ratio of the peaks (003)/(104) tends to decrease as the FWHM tends 
to increase. The broadening of the diffraction lines could indicate a reduction in crystallinity 
of the phases, whereas the evolution of the intensity ratio I(003) / I(104) may indicate an 
improvement in the structure. As reported in table 9, higher I(003)/I(104) value was obtained for 
the double substituted material compared to the mono and non-substituted materials. This 
confirms the formation of more ordered lamellar phase for NMCAF material than for NMCF 
and NMCA and NMC. 
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Fig. 35: Comparison between X-ray diffraction patterns of the four materials NMC, NMCA, NMCF 
and NMCAF (a) and the insets of their diffraction lines (003) (b) and (104) (c) 
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Table 9: Structural parameters of the four materials NMC, NMCA, NMCF and NMCAF obtained by 
XRD 
Cathode materials FWHM(003) FWHM(104) I(003)/I(104) 
NMC 0.43° 0.42° 0.86° 
NMCA 0.39° 0.41° 0.89° 
NMCF 0.35° 0.40° 0.96° 
NMCAF 0.32° 0.36° 1.19° 
 
 
2.2.  Structural refinement by Rietveld method 
The X-ray diffraction patterns of the four materials studied in the previous section of this 
chapter were refined by Rietveld method using Fullprof software and considering the 
presence of a single phase α- NaFeO2 type. For refinement, we have considered the presence 
of additional lithium ions on the 3a sites of the transition metals and a possible exchange 
between the lithium ions of the 3b sites and the divalent nickel ions of the 3a sites. 
 
The cation distribution in LiMO2 lamellar type structures is mainly due to the size difference 
between Li
+
 and M
n+
 cations. Therefore, taking into account the size of the different cations 
only (r(Li
+
) = 0.76Å, r(Ni
2+
) = 0.69Å, r(Mn
4+
) = 0.53Å, r(Co
3+
) = 0.54Å, r(Al
3+
) = 0.53Å, 
r(Fe
3+
) = 0.64Å, r(Ni
3+
) = 0.56Å), we assumed that aluminum and iron ions are preferentially 
expected to occupy the 3a sites of the transition metals. 
Table 10 presents the cation distribution determined by Rietveld refinement for the four 
materials. 
As an example, for the NMCAF material, XRD refinement by Rietveld has led to the 
following cationic distribution:  
(Li0.97Ni0.03)3b(Li
overlithiation
0.01Li0.03Ni
II
0.55Ni
III
 0.02Mn0.21Co0.15Al0.025Fe0.025)3a(O2)6c. 
 
Table 10: Cation distribution determined by Rietveld refinement method of the XRD diagrams of the 
four materials NMC, NMCA, NMCF and NMCAF 
Cathode 
materials 
3b sites (interlayer space) 3a sites (MO2 layers) 
Li
+
 Ni
2+
 Li
+
 Ni
2+
 Ni
3+
 Mn
4+
 Co
3+
 Al
3+
 Fe
3+
 
NMC 0.92 0.06 0.09 0.52 0.03 0.21 0.20 - - 
NMCA 0.95 0.04 0.06 0.54 0.02 0.20 0.15 0.050 - 
NMCF 0.96 0.04 0.05 0.54 0.02 0.20 0.14 - 0.051 
NMCAF 0.97 0.03 0.04 0.55 0.02 0.21 0.15 0.025 0.025 
 
On the other hand, a good agreement was obtained between the experimental and calculated 
patterns and the difference (Iobs-Icalc) was well minimized for all of the four materials NMC, 
NMCA, NMCF and NMCAF. 
 
Moreover, we can see from table 11 that there is a slight expansion of the lattice parameters a 
and c for the Fe substituted materials due to the larger radius of the Fe
3+
 ions (64.5 pm) 
compared to that of Co
3+
 ions (54.5 pm). 
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 In contrast, the very similar ionic radii of Al
3+
 (53.5 pm) and Co
3+
 (54.5 pm) resulted in a 
negligible decrease of the lattice parameter ahex with aluminum substitution. This result is in 
good agreement with literature [311, 312].  
Besides, if we compare the occupancy of the Ni ions on the 3b crystallographic sites of the 
lattice, we notice that the smallest amount was obtained for the double substituted material 
suggesting less cation mixing in the structure, and then we could expect better cycling 
performance (Ch. V.5.2) due to the better lithium diffusion. 
 
Table 11: Structural parameters determined by Rietveld refinement method of the XRD diagrams of 
the four materials NMC, NMCA, NMCF and NMCAF 
Crystal data NMC NMCA NMCF NMCAF 
a 2.861 Å 2.859 Å 2,869 Å 2,868 Å 
c 14,167 Å 14,162 Å 14,215 Å 14,211 Å 
V 100,56 Å
3
 100,53 Å
3
 101,34 Å
3
 101,22 Å
3
 
Occupancy of Ni
2+
 on Li
+
 sites 13 % 9 % 8 % 5% 
 
3. Morphological characterization 
 
3.1. by SEM 
The primary particles of NMC, NMCA, NMCF and NMCAF have a relatively homogeneous 
size distribution (Fig. 36). The non-substituted material NMC presents larger primary 
particles (~ 450 nm average diameter) than those of the substituted materials. 
 
Regarding the aluminum substituted material, the particle size ranges between 350 nm and 
500 nm. This size reduction of the primary particles was also observed by Hu et al. [312]. 
Besides, by comparing SEM micrographs obtained for the two iron substituted materials 
NMCF and NMCAF and the pristine non-substituted material NMC, it is noticeable that for 
the Fe substituted compounds the spherical shape of the particles is more uniform and their 
sizes are smaller ranging between ~ 280 nm and 500 nm. Similar results have been reported in 
the literature by Li et al. [36]. Substituted materials especially with iron also exhibit rather 
airy and less compact powders, unlike substituted NMC material for which the agglomerates 
appear more sintered.  
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Fig. 36: SEM images of the four materials NMC (a), NMCA (b), NMCF (c) and NMCAF (d) 
 
3.2. Specific surface measurement by BET 
Table 12 reports the values of specific surface measured by BET method (Ch. III.2.2) for the 
four samples NMC, NMCA, NMCF and NMCAF. The highest specific surface has been 
obtained for the double substituted material NMCAF, while the lowest one was achieved for 
the pristine non-substituted NMC material. BET results confirmed to be in good agreement 
with the SEM analysis. 
 
Table 12: Comparison of specific surface measured by the BET. method for the four phases NMC, 
NMCA, NMCF and NMCAF 
Cathode materials SB.E.T. (m
2
/g) 
NMC 4.02 ± 0.03 
NMCA 4.08 ± 0.13 
NMCF 4.18 ± 0.19 
NMCAF 4.21 ± 0.08 
 
a b 
d c 
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The noticeable differences in the particle size between the four materials as well as in the 
specific surfaces can provide insight on their electrochemical behavior. Indeed, the small 
particle size observed for the double substituted material NMCAF will allow a rapid diffusion 
of lithium ions and therefore will lead to a significant amount of exchanged lithium ions and a 
greater reversible capacity, whereas the large particles observed for the pristine NMC material 
seem likely to prevent their impregnation by the electrolyte and may thus provide weaker 
electrochemical performance. 
 
4. Thermal characterization by DTA-TG 
DTA-TGA tests were carried out in the temperature range T = [20°C; 1020°C] with a heating 
temperature rate equal to 5°C/min for the four as-prepared cathode materials NMC, NMCA, 
NMCF and NMCAF (figure 37).  
TGA curves show that the mass loss for the four compounds is produced during all the 
thermal treatment, which is mainly due to water, oxygen, carbon and nitrogen oxides release. 
The mass loss is smaller for the two iron substituted materials NMCF and NMCAF.  
On the other hand, DTA curves show for the three materials the presence of an exothermic 
peak related mainly to the release of oxygen. An endothermic peak is also present for the four 
materials and indicates the crystallization temperature. This peak is at the same value (~ 
725°C) for the four materials.  
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Fig. 37: DTA and TGA curves of NMC (a), NMCA (b), NMCF (c) and NMCAF (d) performed in air 
from room temperature to 1020 °C with a heating temperature rate of 5 °C / min 
 
5. Electrochemical performance 
 
5.1. Cyclic voltammetry 
The cyclic voltammograms were recorded for cells at room temperature with metallic lithium 
as the counter and reference electrodes at a slow scan rate 0.1 mV/s. The voltammetric 
behavior of the metal substituted and non-substituted materials display approximately 
identical features (Fig. 38).  
For NMCA, the first cycle anodic peak corresponding to the extraction of Li ions from the 
lattice occurs at 4.20 V vs. Li/Li
+
, whereas the main cathodic peak (insertion of Li) is at 3.68 
V vs. Li/Li
+
. The difference between anodic and cathodic peak voltages remains almost 
constant, which indicates good reversibility of the charge–discharge reaction. The relative 
peak intensities and the area under the peaks slightly decrease with cycling. This indicates a 
capacity fading for the aluminum substituted material throughout cycling. 
a b 
d c 
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An identical behavior was observed for the iron substituted material NMCF regarding the 
main anodic and cathodic peak values. A good reversibility of the charge–discharge process is 
also noticeable. Regarding the double substituted material NMCAF, the extraction of Li ions 
from the lattice occurs already at 3.60 V vs. Li/Li
+
, and the insertion of Li ions is taking place 
at about 3.35 V vs. Li/Li
+
. NMCAF cathode material also presents a good reversibility of the 
charge–discharge reaction and with less capacity fading. 
The oxidation and reduction peaks positions remain at constant potential with the cycle 
number for all the four materials. This indicates their good stability during voltammetric 
cycling.  
The potential range that was used for the four materials lies between 1.5 V and 4.7 V. Even 
though this potential window is greater than that required for this type of materials, it remains 
suitable for the used electrolyte (Ch. III.4) since its stability window is located in this range. 
The aim through operating at such wider potential window was to specify the potential range 
that enables avoiding any side redox reaction of the active species in the material and any 
activation of the electrochemically inactive ions such as cobalt and iron ions especially when 
the potential is higher than 4.4 V. In the following, the potential window that was used is the 
one highlighted in figures 38 (a), (b), (c) and (d), ranging between 2.7 V and 4.4 V.  
  
Fig. 38: Cyclic voltammetry curves I = f(V) of the four materials NMC (a), NMCA (b), NMCF (c) and 
NMCAF (d) of the 1st and 10th cycles at 0.1 mV/s scan rate 
. 
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5.2. Galvanostatic cycling at different C rates 
 
The electrochemical behavior of the four electrodes NMC, NMCA, NMCF and NMCAF was 
studied at room temperature by galvanostatic cycling applying different C rates: C/20, C/5 
and 1C. 
Figure 39 shows the variation of the potential with the specific capacity at slow rate C/20. A 
continuous and similar evolution of the potential with the time can be perceived for all four 
materials. The shape of the charge-discharge curves shows then a good reversibility of the 
intercalation-deintercalation process.  Therefore, a partial substitution of the cobalt by an 
amount of aluminum and / or iron limited to 1/20 in the layered oxide is accompanied by an 
improvement in the reversible capacity compared to the non-substituted material. NMC 
(3:1:1) in addition to a remarkable reduction in the irreversible capacity. This can be 
explained by the presence of less Ni
2+
 ions in the interlayer space for the substituted materials 
especially NMCAF. 
 
From Figure 39, one can easily note that the initial discharge capacity for the double 
substituted electrode is of the order of 190 mAh/g, higher than those of the mono substituted 
electrodes with Fe (165 mAh/g ) or Al (162 mAh/g) and the non-substituted NMC electrode 
(156 mAh/g). However, small changes in plateau potentials are observed after the metal 
substitution. The voltage plateau at ca. 3.75 V for the four studied NMC type materials can be 
attributed to Ni
2+
/Ni
4+
 reaction. 
 
The plateau potential variations for the studied materials can be related to the drop of the 
chemical potential in case of Al substituted materials and to a polarization effect for the Fe 
substituted materials. The effect of voltage change is in a good correlation with the change of 
the structural parameters after the substitution, since a very small amount of substitution 
caused a big difference in terms of cation mixing. 
 
The evolution of the discharge capacity as a function of the cycle number obtained at faster 
rates C/5 and 1C for the four materials over the first 50 cycles is shown in Figure 40. The 
cycling stability was also improved for the substituted materials especially NMCAF in the 
used cycling conditions. Table 13 is a summary of the most significant values obtained for the 
four materials. Indeed, at the C/5 rate for instance, the non-substituted material exhibited a 
continuous decrease in its reversible capacity with a loss of about 26% after 50 cycles, 
whereas the double substituted material, for example, lost less than 15% of its reversible 
capacity at the end of the test. Better stability of the capacity during cycling is obtained for the 
NMCAF material followed by NMCF and NMCA with capacity retention of the order of 
85.7%, 75.8% and 75.1% respectively, after 50 cycles. 
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Fig. 39: Charge/discharge curves of the battery Li//EC:DMC//cathode material: NMC (a), NMCA (b), 
NMCF (c) and NMCAF (d) during the 10 first cycles under C/20 rate 
. 
 Table 13: Electrochemical parameters obtained for the four materials NMC, NMCA, NMCF and 
NMCAF at C/20, C/5 and 1C rates 
 
Samples 
Irreversible 
capacity 
(C/20 rate) 
Rev. capacity 
1st cycle 
(C/20 rate) 
Rev. capacity 
10th cycle 
(C/20 rate) 
Capacity 
retention after 
10 cycles 
(C/20 rate) 
Capacity 
retention after 
50 cycles (C/5 
rate) 
Capacity 
retention after 
50 cycles (1C 
rate) 
NMC 81 mAh/g 156 mAh/g 138 mAh/g 88.4 % 74.7 % 73.5 % 
NMCA 60 mAh/g 162 mAh/g 144 mAh/g 88.8 % 75.1 % 78.8 % 
NMCF 62 mAh/g 165 mAh/g 147 mAh/g 89.1 % 75.8 % 71.7 % 
NMCAF 70 mAh/g 190 mAh/g 176 mAh/g 92.6 % 85.7 % 78.5 % 
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Fig. 40: Discharge capacity evolution with the cycle number of the materials NMC (a), NMCA (b), 
NMCF (c) and NMCAF (d) during the 50 first cycles under C/5 and 1C rates 
. 
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VI. Synthesis and characterization of the double substituted 
cathode material LiNi0.6Mn0.2Co0.15Al0.025Fe0.025O2 
 
1. Introduction 
As shown in the previous chapter, metal substitution increases the order in the structure 
inducing a considerable structural stabilization, less cation mixing and strong electrochemical 
performance improvement by providing possibility for easier and more efficient Li 
intercalation.  
According to the preliminary studies discussed in the previous chapter, the double substituted 
material NMCAF presented higher reversible capacities and better capacity retention 
compared to the pristine NMC(3:1:1) and to the mono-substituted materials (Ch. V.5.2). 
However, the link between its improved electrochemical performance and its structural 
propertieshas not been established in detail. In order to make this connection, extensive 
structural and electrochemical studies were carried out and correlated.  
On the other hand, given the great concern attributed to safety aspects of active electrode 
materials for LIBs [314-317], the investigation of the temperature effect on the structural 
stability is of great importance since the thermal stability of the cathode materials is crucial 
for the safety. 
Thereby, it was necessary to investigate the thermal and structural properties of the 
chemically de-intercalated phases of both NMCAF and NMC (3:1:1). 
 
2. Synthesis by self-combustion 
The preparation of the NMC (3:1:1) and NMCAF cathode materials was made by self-
combustion synthesis method (Ch. VI.2.2).  
Afterwards, to obtain better distribution of the particles and improved homogeneity, the 
synthesized phases were grinded by ball milling. An amount of 30g of active material was 
required. The milling speed was about 600 rounds/min for a period of time equal to 6 minutes 
consisting of two minutes milling followed by one minute rest to avoid the heating effect 
caused by the high milling speed. This procedure is repeated 3 times and each time the milling 
is in the opposite direction of the previous. 
The difference between the NMC (3:1:1) material, for instance, before and after ball milling 
can be seen in Fig. 41. It is clear that no more aggregates exist after ball milling and the 
particles are more individual. 
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Fig. 41: SEM images of the NMC (3:1:1) material before ball milling (a) and after ball milling (b); 
The ball milling speed was about 600 rounds/min for a total milling time of 6 minutes 
. 
3. Structural characterization by XRD 
In order to determine precisely the structural parameters of the studied phases, structural 
refinement by Rietveld method using Fullprof software has been performed. 
First, the two samples NMC (3:1:1) and NMCAF are considered to crystallize in the ideal α-
NaFeO2 like structure. In this structure, and as has been confirmed in chapter 4, lithium and 
the transition metals occupy respectively the 3b (0, 0, ½) and 3a (0, 0, 0) crystallographic sites 
of the R-3m space group while oxygen occupies the 6c (0, 0, zox.) sites. 
The occupancy of lithium, oxygen and transition metal cations was initially fixed to the 
experimental values. The zero offset, the lattice parameters, the scale factor, the parameters of 
the pseudo-Voigt type profile function and the isotropic atomic displacement parameters of 
the different atoms were refined. 
The refined occupancy values showed no big difference compared to the experimental ones 
(the deviation is less than 8%), which indicates that we succeeded in synthesizing a 
stoichiometric phase. 
The value obtained for the isotropic atomic displacement parameter related to the 3b lithium 
sites (Biso (Li)) is positive (tables 14 and 15), indicating that no lithium excess was detected 
and almost all of the lithium is located in the interlayer space which shows the validity of the 
considered structural model.  
 
A good agreement between the experimental and calculated XRD patterns was obtained as 
illustrated in Fig. 42 which gives a comparison between the observed and calculated diagrams 
of both NMC (3:1:1) and NMCAF materials. Indeed, a good minimization of the difference 
(Iobs. - Icalc.) and low values of the reliability factors of the order of (Rwp = 12.9 % and RB = 
4.7%) for the NMC (3:1:1) material and (Rwp = .8.1 % and RB = 3.9 %) for NMCAF material 
were obtained.  This suggests the good quality of refinement and further confirms the validity 
of the considered structural model. 
 
a b 
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Table 14: The main parameters deduced from the XRD data refinement as well as the cationic 
distribution of the material NMC (3:1:1) 
 
 
LiNi0.6Mn0.2Co0.2O2 
 
Space group: R-3m                                                       n (Co) = 0.2 ; n(Mn)=0.2 
ahex. =  2.861 Å                                                                    n (Ni)3a+ n (Ni)3b = 0.6 
chex. = 14.167 Å                                                                    n (Ni)3b+ n (Li)3b = 1 
 
 
     Atom                       Site                   Wyckoff positions               Occupancy        Biso(Å
2
) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Experimental conditions 
 
Temperature                                                                                                    ~ 298° K 
2θ range                                                                                                          15° ≤ 2θ ≤ 100° 
2θ step                                                                                                             0.02° 
Zero point                                                                                                        0.008 
Number of the refined parameters                                                                     16 
 
 
 
Half-width parameters: U = 0.094; V = -0.031; W = 0.112 
 
 
 
 
Reliability factors: Rwp= 12.9 % et RB = 4.7 % 
 
 
 
 
Li (1)                        3a  0 0 0.00  0.08  1.83 
Ni (1)                       3a  0 0 0.00  0.52  1.83 
Li (2)                       3b  0 0 0.50  0.92  1.61 
Ni (2)                       3b  0 0 0.50  0.08  1.61 
Co                            3a  0 0 0.00  0.20  1.83 
Mn                           3a  0 0 0.00  0.20  1.83 
O                              6c  0 0 0.26  2.00  0.63 
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Table 15: The main parameters deduced from the XRD data refinement as well as the cationic 
distribution of the material NMCAF 
 
 
LiNi0.6Mn0.2Co0.15 Al0.025 Fe0.025O2 
 
Space group: R-3m                                                       n (Co) = 0.2 ; n(Mn)=0.2 
ahex. =  2.868 Å                                                                    n (Ni)3a+ n (Ni)3b = 0.6 
chex. = 14.211 Å                  n (Ni)3b+ n (Li)3b = 1 
          n (Al) = 0.025 ; n(Fe)=0.025 
 
     Atom                       Site                   Wyckoff positions               Occupancy        Biso(Å
2
) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Experimental conditions 
 
Temperature                                                                                                    ~ 298° K 
2θ range                                                                                                          15° ≤ 2θ ≤ 100° 
2θ step                                                                                                             0.02° 
Zero point                                                                                                        0.013 
Number of the refined parameters                                                                   16 
 
 
 
Half-width parameters: U = 0.073; V = -0.011; W = 0.117 
 
 
 
 
Reliability factors: Rwp= 8.1 % et RB = 3.9 % 
 
Li (1)                       3a  0 0 0.00  0.030  1.82 
Ni (1)                      3a  0 0 0.00  0.570  1.82 
Li (2)                       3b  0 0 0.50  0.970  1.59 
Ni (2)                      3b  0 0 0.50  0.030  1.59 
Co                           3a  0 0 0.00  0.150  1.82 
Mn                           3a  0 0 0.00  0.200  1.82 
Al                            3a  0 0 0.00  0.025  1.82 
Fe                            3a  0 0 0.00  0.025  1.82 
O                             6c  0 0 0.26  2.000  0.57 
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Fig. 42: Rietveld profile refinement results of the NMC (3:1:1) (a) and NMCAF (b) electrode 
materials: __ observed, __ calculated, __ difference, I Bragg positions 
 
a 
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4. Physico-chemical characterization  
 
4.1. Electron paramagnetic resonance 
Three electrode materials NMC (3:1:1), NMCAF and a commercial NMC (1:1:1) were 
investigated by EPR spectroscopy in the temperature range 77°K-295° K. Figs 43 and 44 
display the experimental EPR spectra of the three materials recorded respectively at 77°K and 
295°K in addition to their corresponding best fits.  
 
The Lorentzian line approach [296] was adopted to achieve a best fit of the experimental 
spectra [318,319] and gave rise to a single EPR line for the commercial NMC (1:1:1) and two 
separate EPR lines for the in-lab synthesized NMC (3:1:1) and NMCAF (Fig. 44). The broad 
line denoted as R1 has been assigned to paramagnetic Mn
4+ 
and the narrower line denoted as 
R2 has been attributed to the presence of paramagnetic Ni
2+
 defects [320]. The EPR 
spectroscopic parameter ΔHi (line width) is presented as function of the temperature (Fig. 45) 
where i= 1; 2 are respectively related to R1 and R2.  
 
0 2000 4000 6000 8000 10000
 
 
NMC (1:1:1) 
  - experimental (T=77°K)
  - fitting (R
1
)
  - experimental (295°K)
H / 10
-4
T
 
Fig. 43: Experimental EPR spectra of commercial NMC (1:1:1), recorded at 77°K and 295°K. Fitting 
of the experimental spectra was carried out by a Lorentzian line approach. Fitted and experimental 
curves are shown 
. 
 
VI. Synthesis and characterization of the double substituted cathode material  
77 
 
0 2000 4000 6000 8000 10000
  
 
H / 10
-4
T
NMC (3:1:1) 
  - experimental (T=77°K)
  - fitting
  - separated R
1
  - separated R
2
  - experimental (T=295°K)
 
0 2000 4000 6000 8000 10000
  
 
H / 10
-4
 T
NMCAF 
  - experimental (T=77°K)
  - fitting
  - separated R
1
  - separated R
2
  - experimental (T=295°K)
 
Fig. 44: Experimental EPR spectra of the NMC (3:1:1) (a) and NMCAF (b) materials, recorded at 
77°K and 295°K. Fitting of the experimental spectra was carried out by a Lorentzian line approach. 
The fitted and separated after fitting curves are shown for each material 
. 
 
It can be seen that the increase of the temperature resulted in a decrease of ΔHi. Therefore, the 
temperature dependence of ΔHi for the studied materials is in good correlation with the 
reported data in the literature about NMC materials [320,321].  
 
a 
b 
VI. Synthesis and characterization of the double substituted cathode material  
78 
 
Recent studies have reported that the EPR line width is strongly related to the material 
stoichiometry, this can be reflected by the narrowing of the EPR line width ΔHi when the 
Ni/Mn ratio diminishes [318]. This effect was likewise observed for the studied materials in 
the present work since we obtained for NMC (1:1:1), that has a Ni/Mn ratio approximately 
equal to 1, a value for ΔHi ~1200 G, while for NMC (3:1:1) with Ni/Mn ~3 we obtained ΔHi 
~2000 G , which agrees well with the EPR results reported in the literature [318]. According 
to the EPR method, a broadening of the EPR line can be mainly due to a dipole-dipole 
interaction or / and some exchange interaction between the transition metal ions located in the 
layered structure especially for materials with high concentration of the paramagnetic centers. 
It is noteworthy that such interactions in our case are occurring not only for the Mn
4+ 
- Mn
4+
 
couple, but also for the Mn
4+ 
- Ni
2+
 and Ni
2+ 
- Ni
2+
 couples.  
 
It can be seen from Fig. 44 that Al and Fe substitution has clearly affected the EPR spectrum 
of the material. In this case, the results related to the function ΔHi ~ f (Ni
2+
) reported in the 
reference [321] are not valid as the NMC (3:1:1) and NMCAF materials have the same Ni 
stoichiometry.  The substantial decrease of the R2 line width for NMCAF can be related to a 
decrease of Ni
2+
 defect density. This suggests that the cationic substitution of the active NMC 
material induced a redistribution of the Ni ions within the structure, which can be a reason 
behind the decreased cation mixing in NMCAF detected as well by means of Rietveld 
refinement of the XRD data.  
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Fig. 45: ΔH as a function of temperature for the commercial NMC (1:1:1) and the NMC (3:1:1) and 
NMCAF materials prepared in this work, where i= 1; 2 are respectively related to R1 (assigned to 
paramagnetic Mn
4+
) and R2 (attributed to the presence of paramagnetic Ni
2+
 defects) 
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One important property to be investigated is the paramagnetic-ferromagnetic phase transition 
occurring at Tc (Curie point) which is a characteristic temperature for a given type of 
material. The paramagnetic-ferromagnetic phase transition can be extracted from the analysis 
of the function ΔHi ~ f (T).  
Characteristically, when the temperature diminishes, a quick enhancement of ΔHi can be 
observed beginning at Tc. For the three studied materials NMC (3:1:1), NMC (1:1:1) (fig. 46) 
and NMCAF (fig. 45), it can be seen from ΔHi temperature evolution that Tc keeps a constant 
value around 125°K, being close to that reported for example in reference [321]. Accordingly, 
it can be presumed that neither the stoichiometry change nor the cationic substitution has 
impact on the paramagnetic-ferromagnetic phase transition of the studied on materials. 
50 100 150 200 250 300
1000
1100
1900
2000
2100
2200
 

H
1
 /
 1
0
-4
 T
Paramagnetic 
    region
Ferromagn.
region
T
C
     H
1
 = F (T)
 NMC (1:1:1)
 NMC (3:1:1)
T / °K
 
Fig. 46: Representation of the paramagnetic-ferromagnetic phase transition for the in-lab prepared 
NMC (3:1:1) and the commercial NMC (1:1:1) 
 
5. Electrochemical performance in cycling 
 
5.1. Galvanostatic cycling at constant slow rate C/20 
For this electrochemical study, cycling was carried out at the constant slow rate C/20 in the 
potential range 2.7 - 4.4 V. 
To properly compare the potential of lithiation and delithiation taking into account the state of 
charge for the two active materials NMC (3:1:1) and NMCAF, the galvanostatic curves as a 
function of the normalized capacity are presented (Fig. 47). In this way, the potential 
differences can be displayed at any lithiation degree.  
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One can see that the plateau potential related to the Li
+
 insertion increased for the substituted 
material, whereas it decreased during Li
+
 de-insertion in almost the complete charge-
discharge interval. In fact, this result suggests that after the cationic substitution, both 
processes are stimulated because less energy is needed to exchange a certain amount of Li
+
. 
Throughout cycling, the higher potential difference was about 200 mV, related to 25% lithium 
insertion. Therefore, it is noteworthy that this change was induced by a very low substitution 
rate (5% in total). The significant modification of the potentials after the cationic substitution 
is in good agreement with the change of the structural parameters according to the Rietveld 
refinement data (table 11). Although the lattice parameters have slightly changed with the low 
substitution rate, the Ni
2+
 occupancy in the 3b sites has significantly decreased to over 60%. 
This suggests that the cationic substitution offers the possibility of intercalating lithium ions 
more easily and efficiently by decreasing the degree of cation mixing and increasing the order 
in the structure. This effect can be the explanation behind the shifts of the insertion/ de-
insertion potential plateau.  
 
 
 
 
Fig. 47: Comparison of voltage profiles vs. normalized capacity obtained from galvanostatic cycling at 
C/20 rate of NMC (3:1:1) (black) and NMCAF (red) positive electrode materials at the 10
th
 cycle 
. 
 
In addition, from electrochemical and thermodynamic perspective at the equilibrium state, the 
cell potential at open circuit (EOCP vs. Li, Li
+
) depends on the difference between the standard 
potentials of the two electrodes which is a function of the chemical potentials of the active 
materials. Thereby, the difference in terms of EOCP can be a way to estimate the variation of 
the electrochemical potential after the cationic substitution, without intervention of any 
polarization effect. Our results demonstrate that the initial EOCP of the NMC (3:1:1) material 
(EOCP (NMC (3:1:1)) = 2.8 V) is higher than that of NMCAF (EOCP (NMCAF) = 2.0 V) which 
means that NMCAF can be oxidized more easily than NMC (3:1:1). 
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 As we have demonstrated that the structure of the substituted material has been reorganized, 
it is very likely that the advantageous transformation in the local Ni
2+
 environment has a 
dominant effect in improving the electrochemical performance. 
 
5.1.1. Study of the derived curve - dx / | dV | = f (V) 
 In order to facilitate the interpretation of the different slope changes in the potential-
composition curve V = f (x), the curves dx/dV (obtained by derivation of the potential-
composition curve) were calculated for the two materials NMC (3:1:1) and NMCAF (Fig. 48). 
Moreover, the curve dx/dV = f (V) is proportional to I = f (V) recorded during cyclic 
voltammetry. To meet the conventions for the sign of the current, the incremental capacity is 
taken equal to - dx/| dV |. 
 
The shapes of the intensiostatic curves that represent the evolution of the potential as a 
function of the lithium composition (V = f (x)) and the derived (-dx/|dV| = f (V)) curves are 
closely linked. The potential plateau of the intensiostatic curve is reflected in a narrow peak 
on the derivative curve. An inflection point in the V = f (x)) curve results in a small peak on 
the derivative curve. 
 
To obtain a good quality derived curve, galvanostatic cycling is preferred to be performed at 
the slow rate C/20 to remain as close as possible to the thermodynamic equilibrium.  
The derived curves in both Fig. 48 present single relatively broad peaks corresponding to the 
oxidation peak of Ni
2+
 to Ni
4+
 via Ni
3+
 ions during lithium deintercalation (charge). However, 
no sharp peak was observed, suggesting the absence of first order phase transition during the 
charge-discharge process. 
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Fig. 48: Variation of the incremental capacity - dx / |dV| as a function of potential for NMC (3:1:1) (a) 
and NMCAF (b). This function was deduced by deriving the 1
st
 charge / discharge cycle performed in 
the potential range 2.7 - 4.4 V under C/20 rate 
. 
5.2. Cyclic voltammetry at various scan rates 
Fig. 49 shows cyclic voltammetry curves of NMC (3:1:1) and NMCAF electrodes measured 
at three different scan rates (0.05, 0.1 and 0.5 mV·s
-1
). All CV curves show for both materials 
pairs of cathodic/anodic peaks in the potential ranges 3.60 – 3.75 V and 3.88 – 4.10 V 
respectively, which corresponds to the lithium ions intercalation/de-intercalation potentials 
that are characteristics of cathode materials of NMC type.   
a 
b 
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We also observe that the positions of oxidation and reduction peaks are more stable from one 
cycle to another for NMCAF which indicates better reversibility of the charge–discharge 
process for this material even with the scan rate variation. 
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Fig. 49: Cyclic voltammograms of the two cathode materials NMCAF (a) and NMC (3:1:1) (b) in the 
2.7V - 4.4V potential range at various scan rates 
. 
The anodic and cathodic current densities for both NMC (3:1:1) and NMCAF increased 
considerably with increasing scan rates. Only two broad peaks are observed in each loop for 
NMC (3:1:1). For NMCAF the two peaks are sharp and more distinguishable.  
Thereby, it is noteworthy through the qualitative analysis of the cyclic voltammograms that 
NMCAF has a kinetic advantage over NMC (3:1:1). 
a 
b 
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The potential separation between the cathodic and anodic peaks increased with the scan rate, 
but the ratio of the anodic to the cathodic peak current remains stable (~ -1.8), an indication 
that there was no side reaction during the intercalation/de-intercalation process [328,329].  
Fig. 50 shows the evolution of the current densities of the charge and discharge peaks Ip with 
the scan rate v for the two materials in a double logarithmic scale.  
This relationship can be presented by the following equation [330]:   
Ip= Ic + Id = C1 v + C2 v
1/2
  (5.1) 
where Ip is the peak current density; v is the scan rate; C1v and C2v
1/2
 are respectively the 
current contributions from the surface pseudo-capacitive effect (Ic) and the bulk lithium 
insertion process (Id).  
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Fig. 50: Evolution of the peak discharge current Ip of NMCAF and NMC (3:1:1) with the scan rate. 
The blue dashed line represents the linear function Ip∝v referring to the surface pseudo-capacitive 
lithium storage process; the green dashed line represents the square root function Ip∝v1/2 referring to 
the bulk lithium insertion process 
 
The representation of Ip as a function of v for the two materials resulted in a curve that is 
much closer to the square root than the linear curve, likewise shown in Fig. 50 for 
comparison. This indicates that the Li
+
 diffusion process was the most important key factor 
for the electrode kinetics. 
 
For further quantitative analysis, the equation (5.1) can be rewritten as follows: 
Ip/ v
1/2
=C1 v
1/2
 + C2  (5.2) 
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When plotting Ip/ v
1/2
 as a function of v
1/2
 (Fig. 51), a straight curve was obtained for the two 
studied materials. C1 and C2 can then be determined respectively from the curve slope and the 
interception between the y-axis and the curve. 
For instance, the best fit of the Ip/v
1/2
=f(v
1/2
) for NMCAF provided the following values: 
C1=0.089 (Ag
-1
V
-1
s) and C2=1.17E
-4
 (Ag
-1
V
-1/2
s
1/2
).  
5,0x10
-3
1,0x10
-2
1,5x10
-2
2,0x10
-2
0,0
5,0x10
-4
1,0x10
-3
1,5x10
-3
Ip/v
1/2
=0.089 (Ag
-1
V
-1
s) v
1/2
+1.17E
-4
 (Ag
-1
V
1/2
s
1/2
)
 
 
I p
/v
1
/2
 (
A
.g
-1
/(
V
/s
)1
/2
)
v
1/2
 (V/s)
1/2
 
5,0x10
-3
1,0x10
-2
1,5x10
-2
2,0x10
-2
0,0
5,0x10
-4
1,0x10
-3
1,5x10
-3
Ip/v
1/2
=0.106 (Ag
-1
V
-1
s) v
1/2
+1.87E
-4
 (Ag
-1
V
1/2
s
1/2
)
 
 
I p
/v
1
/2
 (
A
.g
-1
/(
V
/s
)1
/2
)
v
1/2
 (V/s)
1/2
 
Fig. 51: Evolution of Ip/v
1/2 
as a function of v
1/2
 for NMCAF (a) and NMC (3:1:1) (b) in order to 
extract the C1 and C2 parameters that correspond to the slope and the y-axis intercept point of the 
curves 
. 
Afterwards, once C1 and C2 values are known, the two different current contributions can be 
quantified. It is then possible to evaluate Ic and Id evolution with the scan rates according to 
equation (5.1) (Fig. 52).  
a 
b 
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At the three scan rates, Id is much smaller than Ic for the two cathode materials NMC (3:1:1) 
and NMCAF suggesting then that the lithium insertion is the dominating storage process for 
both materials.  
 
Fig. 52: Calculated surface pseudocapacitive Ic and bulk insertion discharge currents Id for NMCAF 
(a) and NMC (3:1:1) (b) 
. 
b 
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5.3. Electrochemical impedance spectroscopy 
In order to quantify the Li
+
 kinetics for the NMC (3:1:1) and NMCAF cathodes, EIS was 
employed to determine the diffusion coefficient of the lithium ions, DLi+. The Nyquist plots of 
the two materials recorded before and after cyclic voltammetry in the frequency range from 
100kHz to 100mHz are shown in Fig. 53.  
Fig. 53: Nyquist impedance spectra of NMCAF and NMC (3:1:1) before CV (a) and after CV (b) 
versus Li/Li
+
 and an inset of the impedance at high frequencies presented on the right side 
a 
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. 
  
 
Fig. 54: Equivalent circuit used for fitting the EIS spectra of the NMC(3:1:1) and NMCAF 
 
Fig. 55: Evolution of ZRe as a function of the inverse square root of the angular frequency ω for 
NMCAF before (a) and after CV (b) and NMC (3:1:1) before (c) and after CV (d) in order to extract 
the Warburg factors  that correspond to the slope of the curves 
. 
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The Nyquist plots consist of semicircles closest in shape to an ellipse in the regions of high 
and intermediate frequency and a straight inclined line in the lower frequency range. The size 
and the shape of the semicircle are linked to the charge transfer resistance Rct at the cathode-
electrolyte interface. In addition to Rct, more parameters are needed to define the total 
impedance such as: Re (the electrolyte resistance), Cdl (the double-layer capacitance) and Zw 
(the Warburg impedance reflecting the lithium ions diffusion in the electrode) as shown in the 
equivalent circuit presented in Fig. 54. Moreover, EIS can be used to quantify the diffusion of 
lithium ions for the two studied cathode materials. For this, the equation (5.3) is used to 
calculate the diffusion coefficient of the lithium ions: 
 
𝐷(𝐿𝑖+) =
1
2
(
𝑅2𝑇2
𝑛4𝐴2𝐹4𝐶2𝜎2
)  (5.3) [331] 
 
Where R is the gas constant (8.314 J K−1 mol−1), T is the absolute temperature (~ 298°K), A 
is the cathode/electrolyte interface area (~ 1.13 cm
2
), n is the number of electrons per 
molecule (here, n =1), F is the Faraday constant (~96 485 s A / mol), C is the concentration of 
lithium ions (~ 1 mol/cm
3
), and  is the Warburg factor that is equal to the slope value of the 
function Zre=f(
-1/2
) with 2f (Fig. 55). The diffusion coefficient of the lithium ion 
calculated based on equation (5.3) and Fig. 55 are displayed in table 16.  
 
Table 16: Diffusion coefficients of lithium ions for the two materials NMC (3:1:1) and 
NMCAF before and after CV. 
 
                      D (Li+) 
      Cathodes  
 
before CV 
 
after CV 
 
NMCAF 
 
4.4 10
-11 
cm
2
s
-1
 
 
1.1 10
-12
 cm
2
s
-1
 
 
NMC (3:1:1) 
 
3.9 10
-13
 cm
2
s
-1
 
 
1.7 10
-14
 cm
2
s
-1
 
 
Therefore, DLi+ for the fresh double substituted material is calculated to be 4.4 10
-11
 cm
2
s
-1
, 
about two orders of magnitude higher than the fresh NMC (3:1:1) (3.9 10
-13
 cm
2
s
-1
). The 
higher value of the lithium diffusion coefficient obtained for NMCAF material shows the 
beneficial effect of the double substitution on the diffusion of lithium ions. Indeed, the fast 
diffusion of lithium ions leads to a significant amount of exchanged lithium ions and 
consequently to a greater reversible capacity 
 
5.4. Rate capability 
To characterize the response of the NMC (3:1:1) and NMCAF materials to different C rates, 
rate capability tests were carried out. 
Initially the cells were cycled at C/20 rate to extract the maximum amount of lithium ions. 
This step is followed by five cycles at each C rate performed successively at C/10, C/5, C, 2C 
and 5C. Between each cycle, a relaxation time of 1 h was applied to stabilize the battery 
voltage.  
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This electrochemical test shows that the response of the double substituted material is 
significantly better compared to the pristine NMC (3:1:1) even at high rates up to 5C (Fig. 
56). Indeed, the capacities of the NMCAF material are about 187, 167, 152, 143, 128 and 106 
mAh g
-1 
at C/20, C/10, C/5, C, 2C and 5C, respectively; while pristine NMC (3:1:1) provides 
capacities of about 154, 129, 82, 52, 41 and 32 mAh g
-1
 at the corresponding rates.  
Moreover, considerable capacity retention throughout cycling at the different applied C rates 
is observed for NMCAF, which is in good agreement with the results previously reported in 
Fig. 40.  
Fig. 56: Rate capability of NMCAF (a) and NMC (3:1:1) (b) tested between C/20 and 5C rates in the 
2.7V - 4.4V potential range 
a 
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. 
5.5. Lithium diffusion coefficient study by GITT 
In order to accurately follow the intercalation-deintercalation reaction of lithium ions and to 
determine the chemical diffusion coefficient of the doubly substituted material NMCAF, a 
GITT study was performed. During the measurement, a current of 0.2 mA was applied as 
pulses (τ) of 5 minutes each and alternated with relaxation periods of 1 hour during which the 
circuit is open. The system then relaxes spontaneously to its equilibrium potential. The 
procedure is continued until the system reaches the cut-off voltage. 
The variation of the potential at equilibrium versus time is reported in Fig. 57. Indeed, the 
continuous evolution of the potential at thermodynamic equilibrium reveals that no structural 
phase transition of the first order is taking place during the electrochemical cycling. 
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Fig. 57: Galvanostatic intermittent titration of the NMCAF material during charge (blue) and 
discharge (orange) (a) and a scheme of a single GITT step at around 3.63 V (b) 
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For illustration, one titration profile recorded at 3.63 V is presented in Fig. 57b with the 
related parameters. 
The chemical diffusion is accepted to follow Fick´s second law of diffusion. With some 
simplifications, the equation for DLi
+ 
can be written as follows [332]:   
 
𝐷𝐿𝑖+ =
4
𝜋
(
𝑚𝐵𝑉𝑀
𝑀𝐵𝑆
)
2
(
∆𝐸𝑠
𝜏(
𝑑𝐸𝜏
𝑑√𝜏
⁄ )
)
2
 (5.4) 
where mB, VM  and MB are respectively the mass, the molar volume  and the molecular 
weight, S is the surface area of the electrode, ΔEs is the difference between the original 
voltage E0 and the steady-state voltage Es, τ is the pulse duration. 
First, ΔEs variation with the square root of τ is presented in Fig. 58 and shows a good 
linearization. The corresponding values to the curve slope and interception with the y axis are 
likewise reported. 
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Fig. 58: Potential transient linearization during charge injection period in the coordinates E=f(τ1/2) 
 
Based on those results, the Li
+
 chemical diffusion coefficients as a function of the cell voltage 
can be plotted as shown in Fig. 59. As one can see, the curve of the chemical diffusion 
coefficients takes a twisting shape and the values are in the range of 1.10
-12
 and 1.10
-9
 cm
2
/s in 
the voltage range of 3.6–4.4 V, which is in good agreement with the values obtained by EIS 
and reported in table 16. The calculated values for DLi+ by the GITT method correlate well 
with literature data for similar compounds [333]. 
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Fig. 59: Evolution of the apparent diffusion coefficient upon charge (blue) and discharge (orange) of 
the NMCAF material 
. 
 
6. Chemical deintercalation 
 
6.1. Preparation of the samples 
LixNi0.6Mn0.2Co0.2O2 and LixNi0.6Mn0.2Co0.15Al0.025Fe0.025O2 phases were chemically prepared 
by mixing a non-aqueous NO2BF4 / acetonitrile solution and the starting materials NMC 
(3:1:1) and NMCAF. Given the strong oxidizing character of NO2BF4, chemical de-
intercalation was performed inside a glove box under argon atmosphere. In general, NO2BF4 
may cause an irreversible de-intercalation; therefore, it should be diluted in acetonitrile up to 
0.1 mol/l. About 300 mg of active material was used in suspension in the appropriate volume 
the NO2BF4 / acetonitrile solution under magnetic stirring for 24 hours. The de-intercalated 
lithium ratio can be determined experimentally according to the following reaction equation: 
 
LiMO2 + (1 - x) NO2BF4  LixMO2 + (1 - x) NO2 + (1 - x) LiBF4        (5.5) 
 
with M = Ni0.6Mn0.2Co0.2 or Ni0.6Mn0.2Co0.15Al0.025Fe0.025 
 
Once the reaction is completed, the formed products are recovered by filtering. They are then 
rinsed several times with acetonitrile in order to remove all traces of LiBF4. The de-
intercalated materials are then ready when they have undergone a heat treatment at 80°C for 2 
hours under vacuum.  
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6.2. Characterization of the deintercalated phases 
 
6.2.1. XRD+Rietveld refinement 
A comparison of the X-ray diffractorgamms of the de-intercalated phases (Figs 60 and 61) 
shows a slight shift of the diffraction lines, with lithium extraction, in the order of 0.01% for 
both materials. All the de-intercalated phases crystallize in the rhombohedral (R-3m) system 
and therefore have the same structure as the starting phase. No significant variation in the 
position of the diffraction lines and no appearance of new diffraction peaks are then observed. 
This means that the method of chemical deintercalation by NO2BF4 oxidant allows the 
extraction of the desired lithium amount by adjusting the starting stoichiometry without 
structural changes. 
Nevertheless, it is noteworthy that for the lithium poor phases Li0.1Ni0.6Mn0.2Co0.2O2 and 
Li0.1Ni0.6Mn0.2Co0.15Al0.025Fe0.025O2 , the X ray diffractogramms present larger diffraction lines 
indicating a loss of the material crystallinity. 
According to Choi and Manthiram who confirmed that the disorder obtained in the structures 
of NMC is mainly due to a transformation of the O3-type (space group R-3m) into O1-type 
(space group P-3m1) [334], we can attribute the loss of crystallinity observed for NMC 
(3:1:1) and NMCAF at x(Li) ~ 0.1 to the presence of traces of the new phase called O1. Such 
a transformation was indicated in the XRD patterns of the de-intercalated phases by the 
appearance of a shoulder on the right hand side of the strong reflection around 2θ =19.44° for 
NMC and 2θ =19.08° for NMCAF. 
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Fig. 60: XRD patterns of the LixNi0.6Mn0.2Co0.15Al0.025Fe0.025O2 phase (0.1 ≤ x ≤ 0.9) chemically de-
intercalated by NO2BF4 in acetonitrile (a) an inset in the 2θCu range 15º - 46º of the same phase at (0.1 
≤ x ≤ 0.4) is presented in (b) 
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Fig. 61: XRD patterns of the LixNi0.6Mn0.2Co0.2O2 phase (0.1 ≤ x ≤ 0.9) chemically de-intercalated by 
NO2BF4 in acetonitrile (a) an inset in the 2θCu range 15º - 46º of the same phase at (0.1 ≤ x ≤ 0.4) is 
presented in (b) 
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The O1 stacking can be described by assuming that the octahedral sites of the interlayer space 
are sharing faces with MO6 octahedra [335,336] (Fig. 62). For instance, the transformation of 
the O3- LixNi0.6Mn0.2Co0.2O2 phase into O1- LixNi0.6Mn0.2Co0.2O2 phase which is a 
thermodynamically unstable stacking is occurring at low lithium compositions (x ~ 0.1) but 
with very slow reaction kinetics.  
Fig. 62: Schematic representation of the O1 stacking (left) and the O3 stacking (right). A,B and C 
indicate the positions of the oxygen ions in the lattice [336,337] 
. 
In order to deduce in particular the percentage of each phase in the mixture, it was necessary 
to perform a structural refinement by Rietveld of the de-intercalated phases. 
Initially, the structural refinement was conducted by considering the existence of a single 
dominant phase with hexagonal symmetry described in the R-3m space group. We noticed 
that the XRD profile was not simulated adequately, which was explained by the presence of 
traces of the O1 phase described in the P-3m1 space group. 
To this end, a second step consisted of refining the structure supposing the presence of two 
phases O3 and O1. The refinement resulted then in a phase mixture O3-type/O1-type with the 
molar proportions (94:6) for NMC(3:1:1) and (97:3) for NMCAF, indicating that for both 
materials and especially for the double substituted one, a small amount of O3- 
LixNi0.6Mn0.2Co0.15Al0.025Fe0.025O2  turned into O1- LixNi0.6Mn0.2Co0.15Al0.025Fe0.025O2   
Results from the literature showed that for LixNiO2 and LixCoO2, the samples maintain their 
initial O3 structure for 0.4 <x< 1 and 0.35 <x< 1 respectively [336]. This makes the two 
studied compounds especially NMCAF that was able to maintain O3 structure for a wider 
lithium amount of x~0.2, a strong candidate in terms of stability throughout lithium de-
intercalation process. 
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To better quantify the structural stability of NMC (3:1:1) and NMCAF materials, Rietveld 
refinement of the XRD data recorded for all the de-intercalated phases (0.1<x<0.9) was 
conducted. The lattice parameters ahex and chex were therefore presented as a function of x(Li) 
(Fig. 63).  
Up to the lithium composition x = 0.2, ahex parameter which characterize the metal-metal 
distance decreases with lithium extraction due to the oxidation of Ni
3+
 ions Ni
4+
 ions of 
smaller size. The chex parameter increases initially due to the increase of the electrostatic 
repulsions between oxygen layers located on either side of the interlayer space, then chex 
decreases slightly for 0.5<x<0.2 then falls dramatically once the lithium composition becomes 
less than 0.2. The structure becomes sufficiently covalent so that the steric effects are 
predominant over the electrostatic effects [338]. 
 For the NMC (3:1:1) material, starting from x<0.3, the significant broadening of the 
diffraction lines, particularly (003), suggests the presence of fluctuations in the cationic 
distribution (excess nickel ions and remaining lithium ions) in the interlayer space, leading to 
a heterogeneous distribution of interlayer distances in the structure. This value is lower for 
NMCAF material which exhibited already less cation mixing at the initial state x(Li)=1.0.  
 
Fig. 63: Evolution of the lattice parameters ahex (a) and chex (b) (deduced from XRD Rietveld 
refinement of the phases LixNi0.6Mn0.2Co0.2O2 and LixNi0.6Mn0.2Co0.15Al0.025Fe0.025O2 (0.1 ≤ x ≤ 0.9) as 
a function of lithium composition (x) 
Despite ahex and chex variations, the lattice volume varies slightly in the studied composition 
range (Fig. 64) (approximately 0.013% for NMC (3:1:1) and 0.010% for NMCAF). This 
result is very important from applications point of view and in terms of safety. Indeed, the 
good cycleability of the cell depends on the volume change of the material.  
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Fig. 64: Evolution of the lattice volume Vhex of the phases LixNi0.6Mn0.2Co0.2O2 and 
LixNi0.6Mn0.2Co0.15Al0.025Fe0.025O2 (0.1 ≤ x ≤ 0.9) as a function of lithium composition (x) 
 
In the following, the thermal stability of the two compounds at the de-intercalated state will 
be studied in a way to assess the heating effect on the structural changes. 
 
6.2.2. Safety study at the deintercalated state 
 
6.2.2.1. Introduction 
The thermal stability of cathode materials is a crucial factor in terms of of safety. Indeed, the 
electrochemical properties and performance of cathode materials for LIB are strongly related 
to the crystal structure of materials and their structural changes induced by the heating effect 
at the charge state. 
Most of the reported works focused on studying the thermal stability of phases achieved by 
electrochemical de-intercalation. However, this method gives rise to phases with not only the 
active material but also the usual additives, mainly the conductive agent and the binder. This 
makes analysis of the active material relatively difficult. For this reason, in this work the 
phases were prepared by chemical de-intercalation to remove all contributions of the 
electrolyte and additives. 
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6.2.2.2. Study by DTA-TG 
Thermogravimetric analysis (TGA) was used to study the thermal stability of de-intercalated 
phases by measuring and tracking the mass changes throughout a heat treatment in air from 
room temperature to 600°C with a heating rate of 10°C/min. 
As shown by the weight loss curves in Fig. 65, the thermogravimetric curves for the two 
materials NMC (3:1:1) and NMCAF present almost similar behaviors. Continuous mass 
losses are observed between 100 and 600°C, corresponding most probably to oxygen release. 
Indeed, it has been proved that the thermal degradation phenomena are mainly due to the 
oxygen evolution and not to the structure degradation [227,339]. The danger posed by the 
oxygen release from the material in the charged state is that oxygen can react with the 
electrolyte and lead to exothermic reactions that can affect the cycleability and cause thermal 
runaway of the battery.  
. 
 
 
 
Fig. 65: Thermogravimetric analysis of the de-intercalated phases LixNi0.6Mn0.2Co0.2O2 and 
LixNi0.6Mn0.2Co0.15Al0.025Fe0.025O2 with x=0.9 (a) x=0.6 (b) x=0.3 (c) x=0.1 (d) carried out under air, 
from room temperature to 600 ° C 
c d 
a b 
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According to the TGA curves, a higher mass loss was observed for LixNi0.6Mn0.2Co0.2O2 
phases than for LixNi0.6Mn0.2Co0.15Al0.025Fe0.025O2 which is probably due to the stabilizing 
effect of the double substitution with Al and Fe. Indeed, Al
3+
 and Fe
3+
 ions, that are 
electrochemically inactive in the selected potential range, played obviously a role in the 
stabilization of the structure and for damping the oxygen loss during the heat treatment, 
leading then to an improvement in the thermal stability of the doubly substituted phase. 
 
6.2.2.3.X-ray diffraction analysis 
Subsequently, we performed a study by XRD of the de-intercalated phases 
LixNi0.6Mn0.2Co0.2O2 and LixNi0.6Mn0.2Co0.15Al0.025Fe0.025O2 (with x = 0.1; 0.3; 0.6; 0.9), 
having undergone DTA-TG treatment up to 600 ° C. 
 
 LixNi0.6Mn0.2Co0.15Al0.025Fe0.025O2 
 
We clearly see from Fig. 66 that no change or appearance of additional diffraction peaks that 
characterize a spinel phase (S.G.: Fd3m) took place, confirming the structural stability of the 
de-intercalated NMCAF phases up to 600°C despite the weight loss of about 1.73%. All X-
ray diffractograms of the de-intercalated phases can be indexed in the hexagonal system 
(S.G.: R-3m).  
 
Fig. 66: XRD patterns of the LixNi0.6Mn0.2Co0.15Al0.025Fe0.025O2 phase (x=0.1; 0.3; 0.6; 0.9) chemically 
de-intercalated by NO2BF4 in acetonitrile and treated by DTA-TG from room temperature to 600°C in 
air The absence of any additives, such as PVDF or carbon black, that are necessary for preparing the 
electrodes, allowed us to record X-ray diffraction patterns of good quality and to determine then the 
lattice parameters by refining the structure.  
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The only difference that was observed by comparing the X-ray diffractograms is the 
continuous shift of the diffraction lines to higher diffraction angles. This suggests that a 
change in the lattice parameters occurred due to the temperature increase, which is most 
probably due to the loss of oxygen that is ensuring the cohesion of the lattice. The oxygen loss 
in the case of NMCAF de-intercalated phases is so low that no structural transition occurred. 
 
Fig. 67 illustrates the variation of the lattice parameters ratio chex/ahex as a function of the 
lithium composition. Whatever the amount of extracted lithium is, the chex/ahex ratio remains 
above the critical value (~ 4.90) for which the structure becomes of a cubic symmetry [336]. 
This result confirms that NMCAF material keeps its initial structure α-NaFeO2 (S.G.: R-3m) 
even at the de-intercalated state and at high temperatures up to 600°C.  
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Fig. 67: Variation of the ratio chex/ahex (deduced from XRD Rietveld refinement) of the phases 
LixNi0.6Mn0.2Co0.15Al0.025Fe0.025O2 (x=0.1; 0.3; 0.6; 0.9) chemically de-intercalated by NO2BF4 in 
acetonitrile and treated by DTA-TG from room temperature to 600°C in air 
 
 LixNi0.6Mn0.2Co0.2O2 
 
As shown in Fig. 68, one can see that the NMC (3:1:1) de-intercalated phases underwent 
structural changes at high temperature. In fact, there is no conservation of the original 
structure as we notice almost a disappearance of the peak (003) especially for low lithium 
composition. This suggests the loss of the structure crystallinity and the deviation from the R-
3m space group of the starting material.  
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The thermal study by DTA-TG followed by ex-situ XRD allow us to show the positive effect 
of the double substitution with Al and Fe on the pristine NMC (3:1:1) material. Indeed, the 
substitution of 5% of cobalt contributed to inhibit the structural transitions and to significantly 
improve the thermal stability.  
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Fig. 68: XRD patterns of the LixNi0.6Mn0.2Co0.2O2 phase (x=0.1; 0.3; 0.6; 0.9) chemically de-
intercalated by NO2BF4 in acetonitrile and treated by DTA-TG from room temperature to 600°C in air 
atmosphere 
 
When substituting the pristine material with Al and Fe, the ordering of the transition metal 
cations is modified and prevents ionic and electronic rearrangements which normally happen 
during the material oxidation or when the de-intercalated phases are exposed to a temperature 
increase. Therefore, improved structural stability even at high temperatures up to 600°C is 
due to the presence of Al
3+
 and Fe
3+
 in addition to Mn
4+
 ions that are electrochemically 
inactive but have a great contribution to the stability of the de-intercalated phase during 
cycling and during temperature increase. 
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Summary and outlook 
 
The layered transition metal oxides of NMC type are considered promising positive electrode 
materials for LIBs and alternatives to the conventional LiCoO2 positive electrode. 
 
The achieved work throughout this thesis had as main objective the optimization of NMC 
material both in terms of electrochemical performance and thermal stability via a cationic 
substitution. 
As first step, the impact of different synthesis parameters on the purity, the morphology and 
the electrochemical performance of the studied materials was highlighted (Ch. IV). It turned 
out that in order to obtain pure and well crystallized compounds and to adjust the average 
particle size and size distribution, the following conditions are necessary: 
 
- Preparation by self-combustion synthesis method using metal nitrates and sucrose 
considered as fuel.  
- Annealing process, directly after synthesis, in air at a temperature of 900°C for one 
hour.  
- Preference of the nickel rich phase with the composition LiNi0.6Mn0.2Co0.2O2: NMC 
(3:1:1).  
 
Subsequently, substitution of cobalt by aluminum and / or iron was carried out in an attempt 
to further optimize the starting compound NMC (3.1.1) (Ch. V). The studied materials were 
NMCA (LiNi0.6Mn0.2Co0.15Al0.05O2), NMCF (LiNi0.6Mn0.2Co0.15Fe0.05O2) and NMCAF 
(LiNi0.6Mn0.2Co0.15 Al0.025Fe0.025O2). 
 
X-ray diffraction was carried out as first step and showed that all the obtained materials 
belong to α-NaFeO2-type structure (space group R-3m) with hexagonal ordering. Rietveld 
refinement analysis of the XRD patterns revealed a very low Li
+
 / Ni
2+
 exchange between the 
MO6 sheets and the interlayer space (cationic mixing) for the double substituted material 
NMCAF (5%) compared to the mono-substituted materials NMCF (8%), NMCA (9%) and 
the non-substituted material (13%) suggesting a higher structural stabilization for the double 
substituted compound. Galvanostatic cycling indicates improved electrochemical 
performance, good cycling stability and higher reversible capacity preferentially for NMCAF 
(190 mAh g
-1
), NMCF (165 mAh g
-1
), NMCA (162 mAh g
-1
) then NMC (156 mAh g
-1
). 
Cycling at C/20 rate displayed capacity retentions after 10 cycles of about 93% for NMCAF, 
around 89% for NMCF and NMCA and 88% for NMC (3:1:1). 
 
Then a more detailed comparison between NMC and NMCAF was compiled to better 
understand the phenomena behind the improvement of the electrochemical behavior of the 
double substituted cathode (Ch. VI).  
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In order to accurately follow the intercalation/de-intercalation reaction of lithium ions and to 
determine the chemical diffusion coefficient DLi+, both GITT and EIS studies were performed 
and DLi+ for the double substituted material was calculated to be 4.4 10
-11
 cm
2 
s
-1
, about two 
orders of magnitude higher than that of the NMC (3:1:1) (3.9 10
-13
 cm
2 
s
-1
). 
EPR spectroscopy showed that the double substitution with Al and Fe influenced significantly 
the EPR spectrum of the non-substituted NMC (3:1:1), especially the Ni
2+
 line, which was 
attributed to a redistribution of the Ni ions in the layered structure, and might be the reason 
for the reduced cation mixing in the NMCAF. 
 
On the other hand, considering the great concern given to safety aspects of active electrode 
materials for LIBs, it was necessary to investigate the thermal and structural properties of the 
NMCAF and NMC (3:1:1) phases chemically de-intercalated by mixing a non-aqueous 
NO2BF4 / acetonitrile solution and the active materials. The absence of any additives, such as 
PVDF or carbon black, that are necessary for preparing the electrodes, allowed obtaining 
results related to the active materials only without contributions of the electrolyte and 
additives.  
Structural analysis of the chemically de-intercalated phases showed that the lattice volume 
varied slightly especially for the double substituted material (approximately 0.010% for 
NMCAF and 0.013% for NMC (3:1:1)) which is very important from applications point of 
view and in terms of safety as the good cycleability of the cell depends on the volume change 
of the material. 
Emphasis on the safety aspect of the two materials was put through a detailed study of their 
thermal stability during the lithium ions de-intercalation process. According to the TGA 
analysis, a higher mass loss was observed for LixNi0.6Mn0.2Co0.2O2 phases than for 
LixNi0.6Mn0.2Co0.15Al0.025Fe0.025O2 (0.1<x<0.9) which was assigned to the stabilizing effect of 
the double substitution with Al and Fe.  
The thermal study by DTA-TG followed by ex-situ XRD enabled demonstrating the positive 
effect of the double substitution with Al and Fe on the pristine NMC (3:1:1) material. Indeed, 
the substitution of 5% of cobalt contributed to inhibit the structural transitions and to 
significantly improve the thermal stability.  
 
Eventually this thesis remains a subject rich in perspectives. Indeed, it is possible to: 
 
- Investigate novel NMC type materials obtained by simultaneous double cationic 
substitution of cobalt with other metals such as Mg, Cr, Be and/or Ga and assess their 
electrochemical performance, 
- Use the second approach which is surface modification by coating with metal oxides 
such as ZrO2, Al2O3, TiO2, B2O3 or carbon to improve the structural stability and the 
electrochemical performance of the pristine cathode material for LIBs, 
- Evaluate the electrochemical performance of batteries at higher temperature 60 °C for 
example and for longer periods of cycling that can reach 500 cycles. 
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